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Introduction to Biopharmaceutics 


1.1 Introduction 


The therapeutic response of a drug is normally dependent on an adequate concentration 
of the drug being achieved and then maintained at the site or sites of action of the drug. 
In the case of systemically acting drugs it is generally accepted for clinical purposes that 
a dynamic equilibrium exists between the concentration of drug in blood and the concentration 
of drug at its site(s) of action. It means a linear relationship exists between the drug level 
in blood and drug concentration at the site of action. Therefore, drug concentration at 
the site of action can be predicted from blood concentration of drug. Strictly, the concentration 
of drug in plasma water (i.e., protein free plasma) is a more accurate index of drug 
concentration at the site (s) of action than is the concentration of drug in whole plasma 
since a drug may often bind in a reversible manner to plasma protein. Only drug that 
is unbound (i.e., dissolved in plasma water) can pass out of the plasma through the capillary 
endothelium and reach other body fluids and tissues and hence its site (s) of action. 
However, to measure the concentration of an unbound drug in plasma water requires more 
complex and sensitive assay methods than to measure the total concentration of both 
unbound and bound drug in plasma. 


However, it should be realized that this simplification may not always be valid. Indeed 
one should not draw inferences about the clinical effects of a drug from its plasma 
concentration until it has been established that the two are consistently correlated. The 
concentration of a drug in plasma depends on numerous factors. These include the relative 
amount of an administered dose that enters the systemic circulation, the rate at which 
this occurs, the rate and extent of distribution of the drug between the systemic circulation 
and other tissues and fluids and the rate of elimination of the drug from the body. 
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Fig. 1.1 shows the factors that influence the concentration of drug in blood. In case 
of I.V. bolus, the total dose of the drug administered reaches the circulation immediately. 
Now, the drug in blood undergoes the processes of protein binding, distribution, metabolism, 
renal excretion, elimination by all possible routes. The drug reaches its site(s) of action 
by the process of distribution, elicits its pharmacological action as long as the drug 
concentration in blood is above the minimum therapeutic level. In case of extravascular 
administration of a drug in suitable dosage form, additional factors such as release of 
drug from dosage form and absorption of drug from the site of administration influences 


the drug levels in blood. 
Clinical Effect 
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Fig. 1.1 Schematic Represenation of Drug Absorption, Distribution and Elimination. 


It follows that there are two aspects of drug absorption that are important in clinical 
practice, namely, the rate of absorption and the extent of absorption. Simply because 
a certain dose of a drug is being administered to a patient, there is no guarantee (except 
for intravenous administration) that all of that dose will reach the systemic circulation. ' The 
fraction of an administered dose of the drug that reaches the systemic circulation in 
unchanged form is known as bioavailable dose. The relative amount of an administered 
dose' of a particular drug that reaches the systemic circulation intact and the rate at which 
this occurs is known as bioavailability. Bioavailability is thus concerned with the quantity 
and rate at which the intact form of a particular drug appears in the systemic circulation 
following extravascular administration of the drug. The bioavailability exhibited by a drug 
is thus very important in determining whether a therapeutically effective concentration is 
achieved at the site(s) of action or not. 
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Hence, according to the definition of bioavailability, an administered dose of a particular 
drug in an oral dosage form will be 100% bioavailable only if the drug is completely released 
from the dosage form into the solution in the gastrointestinal fluids. The released drug 
must also be completely stable in the solution in the gastrointestinal fluids and ail the drug 
must pass through the gastrointestinal barrier into the mesenteric circulation without being 
metabolized. Finally, all the absorbed drug must pass into the systemic circulation without 
being metabolized on passing through liver. Thus any factor which adversely effects either 
the release of the drug from the dosage form, its dissolution in the gastrointestinal fluids, 
its stability in the gastrointestinal fluids, its permeation through and stability in the 
gastrointestinal barrier or its stability in the hepatic portal circulation will influence the 
bioavailability exhibited by that drug from the dosage form in which it was administered. 


1.2 The Concept of Biopharmaceutics 


Many factors have been found to influence the time course of a drug in the plasma and 
thereby its concentration at the site(s) of action. These include the foods eaten by the 
patient, the effect of the disease state on drug absorption, the age of the patient, the 
site(s) of absorption of the administered drug, co-administration of other drugs, the physical 
and chemical properties of the administered drug, the type of dosage form, the composition 
and method of manufacture of the dosage form and the size of dose and frequency of 
administration of the dosage form. Thus, a given drug may exhibit differences in its 
bioavailability if- 
1. itis administered in the same type of dosage form by different routes, e.g., an aqueous 
solution of a given drug administered by the intramuscular and oral routes of 
administration. 


2. it is given by the same route of administration but in different dosage forms, e.g., 
an emulsion, suspension and tablet administered by peroral route. 


3. it is given by the same route of administration and in the same dosage form, but 
formulation and methods of manufacture of the dosage form are different, e.g. different 
formulations of an aqueous suspension of a given drug administered by the peroral 
route. 


The variability by a drug in bioavailability from different formulations of the same 
type of dosage form or from different types of dosage forms etc., can cause the patient 
to be under or over medicated. The result may be a therapeutic failure or serious adverse 
effects, particularly in the case of drugs that have a narrow therapeutic indices. 


The entry of a drug into the systemic circulation following its administration usually 
inovies : 
1. the release of the drug from its dosage form into a solution in the biological fluids 
at the abosrption site, and 
2. the movement of the dissolved drug across the biological membranes into the systemic 
circulation. 
The study of the various factors that can affect aforesaid processes and the application 
of this knowledge to obtain the expected therapeutic effect from a drug product when it 
is used by a patient is known as biopharmaceutics. 
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Absorption of Drugs from Gastrointestinal Tract 


2.1 Introduction 


The absorption process is developed in the biological system for getting required organic 
and inorganic chemicals (nutrients) into the systemic circulation to maintain life. Drugs 
are absorbed into the systemic circulation by the same processes that are meant for the 
absorption of nutrients. A majority of drugs are administered orally and vast majority of 
orally administered drugs are intended to be absorbed from the gastrointestinal tract. The 
study of absorption of drugs from the GIT enables us to understand the mechanisms of 
absorption. 


In order to understand the numerous factors that can potentially influence the rate 
and extent of appearance of an intact drug into the systemic circulation, a schematic 
illustration of the steps involved in the release and gastrointestinal absorption of a drug 
from tablet is presented in Fig. 2.1. It is evident from this figure that the rate and extent 
of appearance of the intact drug into the systemic circulation depends on a succession 
of rate processes. 


2.2 Rate-Limiting Step in Bioavailability 


The slowest step in the series of rate processes that controls the overall rate and extent 
of appearance of intact drug in the systemic circulation is called the rate-limiting step. 
The particular rate-limiting step may vary from drug to drug. Thus for a drug which exhibits 
a very poor aqueous solubility, the rate at which the drug dissolves in the gastrointestinal 
fluids is often the slowest step and therefore exhibits a rate-limiting effect on the drug 
bioavailability. In contrast, for a drug having a high aqueous solubility its dissolution rate 
will be rapid and the rate at which the drug crosses the gastrointestinal membrane may 
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be the rate-limiting step. Other potential rate-limiting steps include the rate of release 
of the drug from the dosage form (especially important in the case of controlled release 
dosage forms ), the rate at which the stomach empties the drug into the small intestine, 
the rate at which drug is metabolized by the enzymes in the intestinal mucosal cells during 
its passage into the mesenteric blood vessels and the rate of metabolism of the drug during 
its initial passage through the liver (e.g. first pass effect). 
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Fig. 2.1 Schematic illustration of steps involved in the appearance of an intact drug in the 
systemic circulation following peroral admistration of a tablet. 
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2.3 Anatomical and Physiological Considerations of the Gastrointestinal 
Tract (GIT) 


The gastrointestinal tract (GIT) is a highly specialized region of the body whose primary 
functions involve the processes of secretion, digestion and absorption. Since all nutrients 
needed by the body, with the exception of oxygen, must first be ingested orally, processed 
by the GIT, and then made available for absorption into the blood stream, the GIT represents 
an important barrier and interface with the environment. 


Fig. 2.2. illustrate the gross functional regions of the GIT. The liver, gallbladder, 
and pancreas, although not part of the gut, have been included since these organs secrete 
materials vital to the digestive and certain absorptive functions of the gut. The lengths 
of various regions of the GIT (mean values )are presented in Table 2.1. The small intestine, 
comprising the duodenum, jejunum and ileum, represents greater than 60% of the length 
of the GIT, which is consistent with its primary digestive and absorptive functions. In addition 
to the daily food and fluid intake, the GIT and associated organs secrete about 8 liters 
of fluids per day. Of this total, between 100 and 200 ml of stool water is lost per day, 
indicating an efficient absorption of water throughout the tract. 
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Fig. 2.2 Diagram of the gastrointestinal tract and associated organs. 


Table 2.1 Lengths of Various Regions of the Human Gastrointestinal Tract 


Over all length (nose to anus) 


Duodenum 
Jejunum and ileum 
Colon 
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23.1 Common Anatomical Features of GIT 


A common anatomical feature of the entire GIT is its four concentric layers. Beginning 
with the luminal surface, these are the mucosa, submucosa, muscularis externa and serosa 
(Fig. 2.3). The three outer layers are similar throughout most of the tract; however, the 
mucosa has distinctive structural and functional characteristics at different regions of the 
GIT and is most important with respect to the absorption of drugs from the lumen of the 
gastrointestinal tract. 


Mirae Membrane Lining 


Submecous Layer 


Circular Kloscle Layer 
Longitudinal Musste Layer <4 


Periteneum 


4 Miyenteric (Awerbach's) Plexus 
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Fig. 2.3 Common Anatomical Features of the GIT. 


The mucosa is divided into epithelial layer, lamina propria and muscularis mucosa 
from luminal side. A basement membrane is present below the epithelial cell layer. 
An area known as lamina propria lies between the basement membrane and the muscularis 
mucosa, which contains connective tissue, blood and lymph vessels. The final layer 
comprising the mucosa is the muscularis mucosa which is a relatively thin layer of musle 
fibres (Fig. 2.4.). = 


The epithelium lining the lumen of the GIT comprises a single layer of columnar and 
some specialized secretory cells. Of these cells only the columnar cells are concerned 
with absorption. The layer underlying the epithelium is the lamina propria which contains 
blood and lymph vessels that carry the absorbed materials into the general circulation. 
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Fig. 2.4 Anatomical Details of Mucosa. 
2.3.2 Stomach 


After oral ingestion, materials are presented to the stomach, whose primary functions are 
storage, mixing, and reducing all components to a slurry with the aid of gastric secretions 
and then emptying these contents in a controlled manner into the upper small intestine 
{ duodenum ). Complex neural, muscular and hormonal processes accomplish all of these 
functions. Anatomically, the stomach has classically been divided into three parts: fundus, 
body, and antrum (or pyloric part), as illustrated in Fig. 2.5. Although there are no sharp 
distinctions among these regions, the proximal stomach, made up of the fundus and body, 
serves as reservoir for ingested material and the distal region (antrum) is the major site 
of mixing motions and acts as a pump to accomplish gastric emptying. The fundus and 
body regions of the stomach have relatively the little tone in their muscular wall, and as 
a result these regions can distend to accommodate a meal of up to 1 liter. 


ay 

E] 

=! 

& 

|= 

Pylorus — ps 

Duodenum —h 3 
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Pylorie Animam — 
Fig. 2.5 Diagram of the anatomical regions of the stomach. 


An epithelial layer of columnar cells and the suface mucous cells line the mucosal 
surface of the stomach, Along this surface are many tubular invaginations, referred to 
as gastric pits, at the bottom of which are found specialized secretory cells. These secretory 
cells form part of an extensive network of gastric glands which produce and secrete about 
2 liters of gastric fluid daily. Covering the epithelium cell surface is a layer of mucus 1.0 
to 1.5 mm thick. This material, made up primarily of mucopolysaccharides, provides a 
protective lubricating coat for the cell lining. 
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In the stomach the mucosal folds increase the total surface area over that afforded 
by a flat smooth lining. Although the stomach does not function primarily as an absorption 
organ, its excellent blood supply and the fact that a drug can potentially reside in the stomach 
from 30 minutes up to several hours in contact with a reasonably large epithelial surface 
provide conditions that are conducive to the absorption of certain drugs, e.g. weak acidic 
drugs. 


2.3.3 Small Intestine 


The small intestine, comprising the duodenum, jejunum, and ileum has a unique surface 
structure making it ideally suited for its primary role of digestion and absorption. The small 
intestine is the most important site for drug absorption in the GIT. The outstanding anatomical 
feature of the small intestine is tremendous large epithelial surface area through which 
drug absorption can take place. Fig. 2.6. shows the anatomical features that enhanced 
the surface area for absorption. This large epithelial surface area results from the existence 
of Kerckrings, Villi and Microvilli. 


Increase in surface area 
(relative to a cylinder) 


l 


Folds of 
Kerckring 


30 


Microvilli {- 600 


Fig. 2.6 Anatomical features of the small intestine, accounting for its large surface area. 


1. Kerckrings : These are the folds in the intestina! mucosa. 


2. Villi : Villi are finger -like projections which arise from the entire mucosal surface (including 
the folds of Kerckrings) of the small intestine. Villi range in length from 0.5 to1.5 mm 
and these are estimated to be 10-40 villi per square millimeter of the intestinal mucosa. 
Each villus is covered by a single continuous layer of the epithelium, which is primarily 
made up of the columnar absorption cells and the mucus-secreting globlet cells. 
In terms of absorption from the small intestine, the columnar cells are extremely important, 
since it is the anatomical structure of the apical surface of each columnar cell (i.e. the 
cell surface facing the intestinal lumen), which further increases the epithelial surface 
area of the small intestine that is available for drug absorption. 
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3. Microvilli: The apical surface of each cell consists of numerous minute slender projections, 
approximately 1 um long, known as microvilli. Microvilli appears to be microtubular 
projections of the apical cell membrane of each columnar cell. There are 700 to 1000 
microvilli per columnar cell. 


The microvilli together with the villi and folds of Kerckrings are estimated to increase 
the surface area available for absorption by 600 times that which would be available if 
the inner surface of the small intestine was flat. 


The microvilli region is also been referred to as the striated border. This is one 
region where the process of absorption is initiated. In close contact with the microvilli is 
a coating of fine filaments composed of weakly acidic sulfated mucopolysaccharides. This 
coating is known as the glycocalyx. In addition to the glycocalyx, there are two further 
layers of material between the microvilli and the luminal contents of the small intestine. 
They are 1. a layer of protective mucus secreted by the globlet cells and, 2. the so-called 
“un-stirred aqueous layer’. 


Fig. 2.7. shows the absorption of a drug from the lumen of the intestine into the 
blood via villi which involves the passage of the drug through several barriers and regions. 
Thus drug molecules in the lumen of the small intestine must first diffuse through the unstirred 
aqueous layer, the mucus layer and the glycocalyx in order to reach the microvilli, i.e., 
the apical cell membrane of the columnar cell. The apical cell membrane of each epithelial 
cell lining the gastrointestinal tract appears.to be tightly bound to that of the adjacent epithelial 
cells. This so-called ‘tight junction’ between the cell membranes of the adjacent epithelial 
cells acts as a barrier to the intercellular passage of drug molecules from the intestinal 
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Fig. 2.7 Diagrammatric representation of intestinal columnar absorption cells in the lining 
epithelium showing a pathway of drug absorption from the intestinal lumen to a blood capillary 
lying in the lamina propria. 
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lumen to the lamina propria. Thus, a drug molecule must cross the apical cell membrane 
into the interior of a columnar cell. After diffusing through the fluids within this cell, a drug 
molecule must cross the basal cell membrane of the columnar cell. On emerging from 
the columnar cell, the molecule must cross the underlying basement membrane into the 
lamina propria. Finally, after diffusing through the tissue region of the lamina propria, 
drug molecules must cross the endothelium of one of the blood capillaries present in this! 
region. Drug molecules would then be carried away in the blood to the systemic circulation 
via the blood stream of the capillary network in the villi. However, it is possible that the 
absorption of highly lipid-soluble drugs, particularly if administered in an oily vehicle, may 
occur via fat absorption pathways. In such cases, drug removal from the villi would involve 
the central lacteal and the lymphatic circulation. 


Although the above description of drug absorption refers specifically to the small 
intestine, absorption from other areas of GIT would also involve the passage of drug through 
similar barriers and regions. 


2.3.4 Large Intestine 


The large intestine, often referred to as the colon has two primary functions: 


1. absorption of water and electrolytes, and 
2. storage and elimination of fecal matter. 


The large intestine, which has a greater diameter than the small intestine, is connected 
to the later at the ileocecal junction. The wall of the ileum at this point has a thickened 
muscular coat called the ileocecal sphincter which forms the ileocecal valve, the principal 
function of which is to prevent the back flow of fecal matter from the colon into the small 
intestine. From a functional point of view, the large intestine may be divided into two parts: 
the proximal half, concerned primarily with absorption which includes the cecum, ascending 
colon, and portions of the transverse colon, and the distal half, concerned primarily with 
storage and mass movement of fecal matter, which includes part of the transverse and 
descending colon, the rectum, and anal regions, terminating at the internal anal sphincter. 


Structurally, the large intestine is similar to the small intestine, although the luminal 
surface epithelium of the large intestine lacks villi. The muscularis mucosa, as in the 
small intestine, consists of inner circular and outer longitudinal layers. 


The large intestine serves as a site for the absorption of the drug that has not been 
completely absorbed in the more proximal regions of the GIT.i.e., the stomach and the 
small intestine. Incomplete drug absorption in the more proximal regions may be due to 
the physicochemical properties of the drug itself (e.g. very low aqueous solubility and 
dissolution rate) or as a result of the intended slow release of the drug from a prolonged/ 
sustained/controlled release dosage form. In general if a large proportion of an orally 
. administered dose of a drug reaches the large intestine, it is likely that the drug will exhibit 
a poor bioavailability. 
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2.3.5 Nature of the Cell Membrane 


A drug molecule must pass through several cell membranes, intracellular fluid, and 
extracellular fluid to reach the general circulation. For absorption into the cell, a drug 
must traverse the cell membrane. Membranes are major structures in cells, surrounding 
the entire cell ( plasma membrane ) and acting as a boundary between the cell and the 
interstitial fluid. In addition, membranes enclose the most of the cell organelles (e.g. the 
mitochondrion membrane, nuclear membrane ). Functionally, membranes act as a selective 
barrier to the passage of molecules. Cell membranes act as semipermeable membranes, 
because water, some selected small molecules, lipid soluble molecules pass through them 
easily, while highly charged molecules and large molecules do not. 


The transmembrane movement of drugs is influenced by the composition and structure 
of the cell membranes. Cell membranes are generally thin, approximately 70 to 100 A° 
in thickness. Cell membranes are primarily composed of phospholipids with interdispersed 
carbohydrates and integral protein groups in the form of a bilayer. Two types of proteins 
occur in the cell membrane, the integral proteins that protrude all the way through the 
membrane and the peripheral proteins that are attached only to the surface of the 
membrane and do not penetrate. Many of the integral proteins provide structural channels 
( or pores ) through which water-soluble substances, especially the ions, can diffuse 
between the extracellular and intracellular fluids. However, these proteins have selective 
properties that cause preferential diffusion of some substances more than others. Some 
of the integral proteins act as carrier proteins for transporting substances against the 
concentration gradient, which is called an active transport. Still others act as enzymes. 


The peripheral proteins occur either entirely or almost on the inside of the membrane, 
and they are normally attached to one of the integral proteins. These peripheral proteins 
function almost entirely as enzymes. 


The membrane carbohydrates occur almost invariably in combination with proteins 
and lipids in the form of glycoproteins and glycolipids. In fact the most of the integral 
proteins are glycoproteins, and about one tenth of the lipid molecules are glycolipids. The 
“glyco” portion of these molecules almost invariably protrude to the out side of the cell, 
dangling outward from the cell surface. Many other carbohydrate compounds, called 
proteoglycans, which are mainly carbohydrate substances bound together by small protein 
cores, are often loosely attached to the outer surface of the cell as well. Thus, the entire 
surface of the cell often has a loose carbohydrate coat called the glycocalyx. 


There are several theories as to the structure of the cell membrane. One lipid bilayer 
or unit membrane theory, originally proposed by Davson and Danielle, considers the 
cell membrane to be composed of two layers of phospholipids between the two surface 
layers of proteins, with the hydrophilic ‘head’groups of the phospholipids facing the protein 
layers and the hydrophobic “tail” groups of the phospholipids aligned in the interior. The 
lipid bilayer theory explains the observation that lipid-soluble drugs tend to penetrate the 
cell membranes more easily than the polar molecules. However, the bilayer cell membrane 
structure does not account for the diffusion of water, low-molecular-weight molecules such 
as urea, and certain charged ions. 
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Another fluid mosaic model, proposed by Singer and Nicolson, explains the 
transcellular diffusion of polar molecules. According to this model, the cell membrane consists 
of globular proteins embedded in a dynamic fluid, lipid bilayer matrix (Fig 2.8). These 
proteins provide a pathway for selective transfer of certain polar molecules and charged 
ions through the lipid barrier. As shown in Fig. 2.8, transmembrane proteins are 
interdispersed throughout the membrane. Two types of pores of about 10 nm and 50 
to 70 nm were inferred to be present in membranes based on capillary membrane transport 
studies. These small pores provide a channel through which water, ions (e.g. Na*, K* 
and CI) and urea may move across the membrane. Other proteins embedded in the 
membrane do not cross the entire membrane. Some surface glycoproteins perform important 
functions as biologic or drug receptors. 
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Fig. 2.8 Diagramatic representation of components of cell membrane 


2.3.6 Pathways of Drug Absorption 


Once the drug is present in GI fluids in the form of a solution, it has the potential to be 
absorbed. Whether the drug is in absorbable form or not depends on the physicochemical 
properties of drug (i.e. its inherent absorbability), and on the properties of environment 
around it (e.g. pH, the presence of interfering materials, and the local properties of the 
absorbing membrane). Suppose that there are no interfering materials that affect its 
absorption, then the drug molecule must diffuse from GI fluids to the absorbing membrane 
surface. The most appropriate definition of drug absorption is the penetration of the drug 
across the intestinal membrane and its appearance in unchanged form in the blood draining 
from the GIT. Two important points should be considered about this definition: 

1. It is often assumed that drug disappearance from the GI fluids represent absorption. 
This is true only if the disappearance from the gut represent appearance in the blood 
stream. This is often not the case, for example, if the drug degrades in GI fluids or 
if it is metabolized within the intestinal cells. 
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2. The term intestinal “membrane” is rather misleading since this “membrane” is not a 
unicellular structure but really a number of unicellular membranes parallel to one another. 
Thus, for a drug molecule to reach the blood it must penetrate the mucous layer and 
glycocalyx covering the GI lumen, the apical cell surface, the fluids within the cell, the 
basal membrane, the basement membrane, the tissue region of the lamina propria, the 
external capillary membrane, the cytoplasm of the capillary cell, and finally the inner 
capillary membrane. 


For a drug molecule to be absorbed from the GIT and gain access to the systemic 
circulation it must effectively penetrate all the regions of the intestine just cited. Once 
the drug is in solution, there are three important factors that govern the process of absorption: 


1. the physicochemical properties of the drug molecule, 
2. the properties and components of the GI fluids, and 
- 3. the nature of the absorbing membrane. 


These points are discussed in detail in the following sections. Let us assume that 
the drug molecule has penetrated most of the barriers in the intestine and has reached 
the lamina propria region. Once the drug molecule is in this region, it may either diffuse 
through the blood stream or penetrate the central lacteal and reach the lymph. Fig. 2.9. 
depicts the organization of blood capillaries and lymph vessels in the villi. Most drugs, 
if not all, reach the systemic circulation via the blood stream of the capillary network in 
the villi. The reason for this dominance over lymphatic route is because of the. fact that 


Microvilli ~y 


Capillary Network 
Globlet cell 


Intestinal Gland 


$- Intestinal Crypt 


Fig. 2.9 A. Highly magnified view of villi in the small intestine. B. Enterocyte showing micro villi. 
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the villi are highly and rapidly perfused by the blood stream. The blood flow rate to the 
GIT in humans is approximately 500 to 1000 times greater than lymph flow. Thus, although 
the lymphatic system is a potential route for drug removal from the intestine, it will account 
for only a small fraction of the total amount of drug absorbed. Although the capillary and 
lymphatic vessels are rather permeable to most low-molecular-weight and lipid-soluble 
compounds, the capillary membrane represents a more substantial barrier than the central 
lacteal to the penetration of a very large molecule or a combination of molecules. Therefore, 
triglycerides are transported in the form of chylomicrons (about 0.5 um in diameter) by 
the lymphatic route into the systemic circulation. 


2.4 Mechanisms of Drug Absorption 


It is apparent from the pathways of drug transport that absorption of a drug from the lumen 
of the GIT into blood involves the passage of drug molecules across several cellular 
membranes and fluid regions within the mucosa, i.e. the gastrointestinal/blood barrier. The 
epithelium lining the GIT is considered to constitute the main cellular barrier to the absorption 
of drugs from the GIT. The drug molecules in GI! fluids must cross the unstirred aqueous 
layer, mucus layer and glycocalyx to reach the apical cell membrane. The passage of 
drug molecules through this membrane is achieved by several mechanisms. They are 


e Passive Diffusion 

e Active Transport or Carrier Mediated Transport 
e Facilitated Diffusion 

e lon-Pair Formation 

e Convective Transport or Pore Transport 

e Vesicular Transport or Pinocytosis 


2.4.1 Passive Diffusion 


In this process the apical cell membrane of a columnar absorption cell plays a passive 
role and does not participate actively in the transport process. The rate of drug transport 
is determined by the physicochemical properties of the drug, the nature of the membrane 
and the concentration gradient of the drug across the membrane. The process of passive 
diffusion initially involves partition of a drug between the aqueous fluid in the GIT and 
the lipoidal-like cell membrane of the lining epithelium- : he drug in solution in the membrane 
then diffuses across the membrane followed by a sécond partition of drug between the 
membrane and the aqueous fluids within the columnar absorption cells. The drug would 
cross the other cell membranes in the gastrointestinal/blood barrier by this sequence of 
steps and thus would eventually enter the blood of the capillary network in the lamina 
propria. If we consider that the cell membranes and fluid regions making up the 
gastrointestinal/blood barrier could be represented by a single ‘membrane’, then the stages 
involved in the gastrointestinal absorption of a drug by passive diffusion could be represented 
by the simple model shown in Fig. 2.10. 
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Fig. 2.10 Diagramatic representation of transport of drug molecules by passive diffusion. Solid 
arrows indicate direction of net movement of drug molecules. 


A passive diffusion is the process by which molecules spontaneously diffuse from 
a region of higher concentration to a region of lower concentration. This process is passive 
because no external energy is expended. In Fig. 2.10, drug molecules move forward and 
back across a membrane. If the two sides have the same drug concentration, forward- 
moving molecules will be balanced by molecules moving back, resulting in no net transfer 
of the drug. When the left side is higher in concentration, at any given time, the number 
of forward-moving drug molecules will be higher than the number of backward-moving 
molecules and the net result would be a transfer of molecules to the right side, as indicated 
by the solid arrow. ` 


Passive diffusion of drugs across the gastrointestinal/blood barrier can often be 
described mathematically by Fick’s law of diffusion. Accordingly the rate of appearance 
of a drug in the blood, i.e. rate of absorption of the drug is given by, 

DA 
dx/dt = Fo (K1 Cg - K2 Cb) 2.1 


where : 
dx/dt = the rate of appearance of drug in the blood at the site of absorption 


D the effective diffusion coefficient of the drug in the gastrointestinal ‘membrane’ 

A = the surface area of the gastrointestinal ‘membrane’ available for absorption bv 
passive diffusion 

K1 = the apparent partition coefficient of the drug between the gastrointestinal 
‘membrane’ and the GI fluids 

Cg = the concentration of drug in solution in the GI fluids at the site of absorption 

K2 = the apparent partition coefficient of the drug between the gastrointestinal 
‘membrane’ and the blood 

Cb = the concentration of the drug in the blood at the site of absorption 

h = the thickness of the gastrointestinal ‘membrane’ 
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According to equation 2.1, the rate of drug absorption is directly proportional to the 
diffusion coefficient ( D ), the surface area available for absorption ( A ), the concentration 
gradient ( K1 Cg - K2 Cb ) and inversely proportional to the thickness of the gastrointestinal 
membrane (h). In order to be absorbed from the GIT by passive diffusion, a drug molecule 
should have sufficient solubility in the Gl membrane and then it should exhibit sufficient 
solubility for the blood such that it can partition readily out of the ‘membrane’ phase into 
the blood. Drug on entering the blood in the capillary network in the lamina propria will 
be carried away from the site of absorption by the rapidly circulating gastrointestinal blood 
supply and will become diluted by: 


1. distribution in a large volume of blood, i.e. the systemic circulation, 
2. distribution into body tissue and other fluids of distribution, and 
3. by metabolism and excretion. 


In addition, the protein in the blood may bind the drug molecules and there by lower 
the concentration of ‘free’ ( diffusable ) drug in the blood. Consequently, the blood acts 
as a ‘sink’ for the absorbed drug and ensures that the concentration of the drug in the 
blood at the site of absorption is low in relation to the concentration of drug in solution 
at the absorption site, i.e. Cg >> Cb. The ‘sink’ conditions provided by the systemic circulation 
ensures that a large concentration gradient is maintained across the gastrointestinal 
‘membrane’ during the absorption process. The passive absorption process is driven solely 
by the concentration gradient of the diffusable species of the drug which exists across 
the gastrointestinal/blood barrier. Under such conditions K1 Cg >> K2 Cb and thus 
(K1 Cg - K2 Cb) approximates to K1 Cg, and equation 2.1 may be written in the form 
given below: 


A 
dx/dt = 2A (K1 Cg) 2.2 


For a given drug and ‘membrane’ under specified conditions, D, A, K1 and h may 
be regarded as constants which can be incorporated into a combined constant known as 
the permeability constant, P. Hence, equation 2.2 becomes the following. 


dx/dt = P Cg 2.3 


Where P= 2A K1 2.4 

Equation 2.3 is an expression for a first order kinetic process and indicates that the 
rate of passive drug absorption will be proportional to the concentration of the absorbable 
drug in solution in the GI fluids at the site of absorption. 


It is assumed that the drug in aqueous solution on each side of the gastrointestinal/ 
blood barrier (Fig. 2.10) exists entirely in the form of a single absorbable species which 
exhibited definite partition coefficients for distribution between: 

1. the aqueous Gi fluids and the lipid ‘membrane’, and 
2. the blood and the lipid ‘membrane’. 


www.webofpharma.com 


18 Biopharmaceutics and Pharmacokinetics 


However, many drugs have both lipophilic and hydrophilic chemical substituents. Those 
drugs that are more lipid-soluble tend to traverse the cell membranes more easily than 
less lipid-soluble or more water-soluble molecules. For drugs that act as weak electrolytes, 
such as weak acids and bases, the extent of ionization influences the rate of drug transport. 
The ionized species of the drug contains a charge and is more water-soluble than the 
unionized species of the drug, which is more lipid-soluble. The extent of ionization of a 
weak electrolyte will depend on both the dissociation constant of the drug ( i.e. its pKa 
value) and the pH of the medium in which the drug is dissolved. Thus, the rate of passive 
absorption of a weak electrolyte drug is related to the fraction of the total drug that exists 
in the unionized form in solution in the GI fluids at the site of absorption. This fraction 
is determined by the pKa of drug and the pH of its aqueous environment in accordance 
with the Henderson-Hasselbalch equation for weak acids and bases. The influence of 
pH of the GI fluids on the absorption of drug molecules from the GIT form the basis of 
the pH-partition hypothesis. 


2.4.2 Active Transport or Carrier Mediated Transport 


Most drugs are absorbed from the gastrointestinal tract by passive diffusion. However, 
a few lipid-insoluble drugs (Such as 5-fluorouracil) and many substances of nutritional interest 
are absorbed by an active transport mechanism. In contrast to passive diffusion, active 
transport involves active participation by the apical cell membrane of the columnar absorption 
cell (and presumably also by the membranes consisting the gastrointestinal/blood barrier) 
in the gastrointestinal absorption of a drug. A ‘carrier’ which may be an enzyme or some 
other component of the cell membrane is responsible for the active transport of nutrients 
and drugs. The carrier-mediated transport system is basically developed for the absorption 
of nutrients or other chemicals, which are required for the maintenance of life of the living 
systems. However, a drug molecule, which structurally resembles a natural substrate that 
is actively transported is likely to be actively transported by the same carrier mechanism. 
Fig. 2.11 shows that the drug molecule or ion forms a complex with the ‘carrier’ in the 
surface of the apical cell membrane of a columnar absorption cell. The ‘drug-carrier’ complex 
then moves across the membrane and liberates the drug on the other side of the membrane. 
The carrier (now free) returns to its initial position in the surface of the cell membrane. 
It is now ready to transport another molecule or ion. 


Gl Apical Cell Membrane of Cell 
Lumen Columnar Absorption Cell Interior 
er 
Drug >> Carrier Carrier —>| Drug 
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Fig. 2.11 Active transport of a drug across a cell membrane. 
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Many nutrients such as sugars and amino acids are transported across the 
gastrointestinal ‘membrane’ by an active transport process. Vitamins such as thiamine, 
nicotinic acid, riboflavin and pyridoxine require an active transport system. The anticancer 
drug 5-fluorouracil, methyldopa and nicotinamide are absorbed by active transport. Active 
transport also plays an important role in the renal and biliary secretion of many drugs 
and metabolites. 


The characteristic features of the active transport or carrier-mediated transport are: 


1. Transportation against concentration gradient : An active transport is characterized 
by the transport of the drug against a concentration gradient- that is, from the regions 
of low concentrations to the regions of high concentrations. Therefore an active transport 
is an energy consuming absorption process. In the case of the gastrointestinal absorption 
of drugs, drug transport occurs from the GIT to the blood and the concentration of drug 
in GI fluids is always higher than that of blood. The carrier system is generally a ‘one- 
way’ transport system. However, in the case of nutrients, the concentration of some 
nutrient in Gl fluids is less than that of blood. The active transport of nutrients is against 
the concentration gradient. 


2. Selectivity : There appears to be several carrier-mediated active transport systems 
in the smail intestine. Each carrier system is highly selective with respect to the chemical 
structure of the substances whom it transports. Thus if a drug structurally resembles 
a natural substrate which is actively transported then that drug is likely to be transported 
by the same carrier mechanism. The drug levodopa shows structural similarity with 
the amino acids tyrosine and phenylalanine. Therefore levodopa is transported by that 
carrier system which transport the amino acids, tyrosine and phenylalanine. 


3. Specific Location in GIT : Each carrier system is generally concentrated in a specific 
segment of the GIT. The substance which is transported by that carrier will thus be 
absorbed preferentially in the location of the highest carrier density. For example, more 
riboflavin is absorbed from the proximal portion of the small intestine than the other 
part of intestine. 


4, Saturability : The rate of absorption of a drug by the passive diffusion is directly 
proportional to the concentration of the drug in the GI fluids. Therefore, the rate of 
absorption increases linearly with drug concentration in the GI fluids as shown in 
Fig. 2.12. In the case of active transport, the linearity between drug concentration in 
the GI fluids and rate of drug absorption is observed at a low drug concentration. At 
higher concentrations, the carrier mechanism becomes saturated and a further increase 
in drug concentration will not increase the rate of absorption, i.e. the rate of absorption 
remains constant (Fig. 2.12). This is because of the fact that only a certain amount 
of carrier is available in the surface of cell membrane which will be completely saturated 
at a higher drug concentration. 
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Fig. 2.12 Relation between drug concentration at the absorption site and rate of absorption by 
passive diffusion (line A) and active transport (curve B). 


5. Competitive Inhibition : Each carrier-mediated system is specific for a chemical 
Structure. Drugs of similar structure may compete for binding sites on the carrier. 
Therefore, competitive inhibition of absorption of a drug by other drug or nutrient which 
have a structural similarity, is observed. 


2.4.2.1 Rate of Absorption in Carrier-Mediated Transport 


The number of apparent carriers in the intestinal membrane is limited. Therefore, the 
rate of carrier-mediated transport must be described by Michaelis-Menten equation. 
Vmax CZ 


Absorption rate = —“*— 2.5 
sorption rate Km +Cg 


Where Cg is the drug concentration at the absorption site, Vmax is the maximum 
velocity of the absorption process and is a constant for a given drug. Km is called Michaelis- 
Menten constant. At a low drug concentration, such that Km >> Cg, 


Vmax CB 
Km 


Therefore, under these conditions absorption process follows the first-order kinetics 
and a linear relationship is observed between drug concentration and rate of drug absorption. 
As the concentration of drug molecules increases, the linearity between the drug concentration 
and rate of absorption diminishes. When Cg >> Km, 


Absorption rate = 2.6 


Cg 


V, 
Absorption rate = —"=—> 2.7 
Cg 


It means that the active transport system is saturated and a constant absorption 
rate is observed beyond a certain drug concentration (Fig. 2.12). 
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2.4.3 Facilitated Diffusion 


Facilitated diffusion is also a carrier -mediated transport system. i.e. a carrier molecule 
is involved in the transport. The difference between an active transport and facilitated 
diffusion is that the active transport can transport drug molecules against a concentration 
gradient, while the facilitated diffusion cannot transport drug molecules against a 
concentration gradient. Therefore, facilitated diffusion does not require an energy input. 
The drug molecules move along with the concentration gradient which is the driving force 
in this process. However, because facilitated diffusion is carrier -mediated, it shows all 
other characters of an active transport such as structure selectivity, saturability, competitive 
inhibition by the structurally related compounds, and a specific location in GIT. In terms 
of drug absorption, a facilitated diffusion seems to play a very minor role. 


2.4.4 lon-Pair Formation 


Strong electrolyte drugs such as quaternary ammonium compounds and tetracyclines are 
ionized over the entire gastrointestinal pH. Therefore, the ionized form of the drug can 
not partition directly into the lipoidal cell membrane. Further, the size of these ionized 
forms is too large to pass through the aqueous filled pores or channels that exist in the 
cell membrane. However, the interaction of such drug ions with the oppositely charged 
endogenous organic ions leads to the formation of an ion pair whose overall charge is 
neutral. This neutral complex (i.e. ion-pair) diffuses more easily across the lipoidal cell 
membrane due to its lipid solubility. The drugs propranolol and quinine show a good 
absorption when paired with oleic acid and hexylsalicylate, respectively. 


2.4.5 Convective transport or pore transport 


Very small molecules such as water, urea and low molecular weight sugars and organic 
electrolytes are able to cross the cell membranes rapidly as if there is no barrier for their 
passage. This observation is explained with the help of the aqueous filled pores or channels 
assumed to be present in a cell membrane. The effective radius of these channels has 
been estimated to be of the order of 0.4 nm. As a result of molecular size limitations, 
this mechanism of absorption appears to be of minor importance with respect to the 
gastrointestinal absorption of large water-soluble drug molecules or ions. However, 
convective absorption is involved in the renal excretion of drugs and the uptake of drugs 
into the liver. 


2.4.6 Vesicular Transport or Pinocytosis 


Pinocytosis or vesicular transport is the process of engulfing particles or dissolved materials 
by the cell. The mechanism is comparable to phagocytosis and involves invagination of 
the material by the apical cell membrane of the columnar absorption cells lining the 
gastrointestinal tract to form vacuoles containing the material. These vacuoles then cross 
the columnar absorption cells. This mechanism of the absorption process appears to be 
of little importance for drugs but is important for the absorption of macromolecules such 
as proteins. Vesicular transport is the proposed process for the absorption of orally 
administered Sabin Polio Vaccine and various large proteins. 
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2.5 Factors Governing Gastrointestinal Drug Absorption 
2.5.1 Physiological Factors 


A drug must be in a solution before it can be absorbed from the GIT. The rate of drug 
release/dissolution can under certain conditions be the rate-controlling step in the 
appearance of a drug in the systemic circulation. Therefore, physiological factors that 
influence the drug release and dissolution from the dosage form are also considered 
wherever applicable. In order to understand various physiological factors that can influence 
the absorption of drug, it is assumed that the drug is in solution in appropriate GI fluids. 


2.5.1.1 Site of Absorption and Surface Area Available for Absorption 


The biological environments and the areas of membrane available for absorption in the 
stomach, the small intestine and the large intestine are quite different and these differences 
give rise to variations in the rate and extent of absorption of a drug from these anatomical 
regions. 


The presence of folds in the mucosa, villi and microvilli are responsible for the small 
intestine having the largest effective surface area available for absorption. Consequently, 
the small intestine is the region of maximum absorption for a majority of drugs, even though 
the pH of the intestinal fluid does not provide optimum conditions for the absorption of 
certain drugs, e.g., weak acidic drugs. In addition to its large absorptive surface area, 
the small intestine is the most important region for carrier-mediated drug absorption, i.e. 
the small intestine is the location of the highest ‘carrier’ density. 


In contrast to the small intestine, the absorptive surface areas of the stomach and 
the large intestine are relatively small, since neither of these regions possesses villi or 
microvilli. Despite the relatively small absorptive surface area available in the stomach, 
certain drugs (e.g. weak acidic drugs in solution which are in a unionized form) are absorbed 
in this region. It should be noted that following oral administration of a drug in solution 
a major part of the stomach’s absorptive area will be immediately in contact with the dissolved 
drug and, provided that the intrinsic physicochemical properties of the drug allow permeation 
of the gastrointestinal/ blood barrier, a good absorption may occur. However, because 
the absorptive surface area in the stomach is so small compared to that in the small intestine, 
the rate and the extent of absorption of a given drug from the stomach will, in most cases, 
be less than from that of the small intestine. The large intestine functions as an absorptive 
site for drugs that are so slowly absorbed that a significant portion of the administered 
dose passes through the stomach and small intestine unabsorbed. In addition, the large 
intestine is important for the absorption of some drugs such as sulphasalazine, which must 
be degraded by the bacterial flora in this region before absorption can occur. 


2.5.1.2 Components and Properties of GI Fluids 


The characteristics of the aqueous GI fluid to which a drug product is exposed will exert 
an important influence on what happens to that dosage form in the GIT and on the pattern 
of absorption. 
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One important property of GI fluids is pH, which varies considerably along the length 
of the tract. There is a considerable intersubject variation in gastrointestinal pH depending 
upon such factors as: 


1. general health of the individual, 


2. presence of localized disease conditions (e.g. gastric and duodenal ulcers) along 
the GIT, 


3. types and amount of food ingested, and 
4. drug therapy. 


In the case of drug therapy, anticholinergic drugs inhibit or reduce gastric secretion 
and the oral administration of antacids usually elevates gastric pH for a short period of 
time. 


The gastric fluids are highly acidic, usually ranging from pH 1 to 3.5. There appears 
to be a diurnal cycle of gastric acidity, the fluids being more acidic at night and fluctuating 
during the day, primarily in response to food ingestion. The gastric fluid pH generally 
increases when food is ingested and then slowly decreases over the next several hours. 


An abrupt change in pH is encountered when moving from the stomach to the small 
intestine. Pancreatic secretions have a high concentration of bicarbonate, which neutralizes 
gastric fluid entering the duodenum and thus helps to regulate the pH of fluids in the upper 
intestinal region. Neutralization of gastric fluids in the duodenum is important to avoid 
damage to the intestinal epithelium, prevent inactivation of pancreatic enzymes, and prevent 
precipitation of bile acids, which are poorly soluble in acid pH. The pH of intestinal fluids 
gradually increases when moving in the distal direction, ranging from 5.7 in the pylorus 
to 7.7 in the proximal jejunum. The fluid in the large intestine is generally considered 
to have a pH of about 8. 


The rate of dissolution of a drug from a dosage form depends on the solubility of 
the drug in GI fluids. GI fluid pH decides the solubility of the drug since most of the drugs 
are either weak acids or bases. Weak acidic drugs dissolve most readily in alkaline media, 
and therefore will have a greater rate of dissolution in the intestinal fluids compared to 
gastric fluids. Basic drugs will dissolve most readily in acidic solutions, and thus the 
dissolution rate will be greater in gastric fluids compared to the intestinal fluids. 
Since dissolution is a prerequisite step to absorption and is often the rate-limiting step, 
especially for poorly water soluble drugs, pH will exert a major influence on the overall 
absorption process. Since the major site of drug absorption is the small intestine, it would 
be seem that poorly soluble basic drugs must first dissolve in the acidic gastric fluids in 
order to be well absorbed from the intestine, as the dissolution rate in the intestinal fluid 
will be low. 


Another way by which the gastrointestinal pH can influence drug absorption is in 
the case of drugs that exhibit a limited chemical stability in either acidic or alkaline 
environments. Since the rate and extent of degradation is directly dependent on the 
concentration of drug in solution, an attempt is often made to retard dissolution in the 
fluid where degradation is observed. There are preparations of various salts or esters 
of drugs (e.g. erythromycin ) that do not dissolve in a gastric fluid and thus are not degraded 
but dissolve in the intestinal fluid prior to absorption. 
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Gastrointestinal pH may influence the absorption of drugs by influencing the degree 
of ionization of drugs in the GI fluids. In general the unionized form of a drug in solution 
will be absorbed faster than the ionized form of the drug at any particular site along the 
GIT. This effect of the gastrointestinal pH on drug absorption is discussed under pH-Partition 
hypothesis. 


In addition to the pH considerations, the GI fluids contain various materials which 
have been shown to influence absorption, particularly bile salts, enzymes, and mucin. Bile 
salts, which are highly surface active may enhance the rate and/or the extent of absorption 
of poorly water soluble drugs by increasing the rate of dissolution in the GI fluids (e.g. 
griseofulvin). Bile salts may also reduce drug absorption (e.g. neomycin and kanamycin) 
through the formation of water-insoluble and non-absorbable complexes. Since the intestinal 
fluids contain large concentrations of various enzymes needed for digestion of food, it 
is reasonable to expect certain of these enzymes to act on a number of drugs. Pancreatic 
enzymes hydrolyze chloramphenicol palmitate. Pancreatin and trypsin are able to 
deacetylate N-acetylated drugs and mucosal esterases appear to attack various esters 
of penicillin. Mucin a viscous mucopolysaccharide that lines and protects the intestinal 
epithelium, has been thought to bind certain drugs non-specifically (e.g. quaternary 
ammonium compounds) and thereby prevent or reduce absorption. This behavior may 
particularly account for the erratic and incomplete absorption of these charged compounds. 
Mucin may also represent a barrier to drug diffusion prior to reaching the intestinal 
membrane. 


2.5.1.3 Gastric Emptying b 


Since most drugs are best absorbed from the small intestine, any factor that tends to delay 
movement of a drug from the stomach to the small intestine will influence the rate (and 
probably the extent) of absorption and therefore the time needed to achieve maximal plasma 
concentrations and pharmacological response. As a result, gastric emptying may represent 
a limiting factor in drug absorption in addition to rate of dissolution or inherent absorbability 
of drug. 


Gastric emptying is quantified by one of several measurements, including emptying 
time, emptying half-time (t 59%), and emptying rate. Emptying time is the time required 
for the stomach to empty the total initial stomach contents. Emptying half-time is the time 
it takes for the stomach to empty one-half of its initial contents. Emptying rate is a measure 
of the speed of emptying. Emptying time and emptying rate are inversely related. 


Gastric emptying appears to be an exponential process. Standard low bulk meals 
and liquids are transferred from the stomach into the duodenum in an apparent first order 
rate process, i.e. the rate of gastric emptying is proportional to the volume of the material 
remaining in the stomach. As a result, plots of log volumes remaining in the stomach 
versus time will provide a straight-line relationship. This relationship is not strictly linear 
at early and later times of stomach emptying process. A linear relationship between the 
square root of the volume remaining in the stomach versus time has been observed. 
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Many factors influence the gastric emptying rate, which are responsible for observed 
intersubject variations in bioavailability. Factors promoting gastric emptying include: hunger, 
anxiety, the patient's body posture (i.e.lying on the right side), alkaline buffer solution, the 
intake of liquids, cold food, diseases such as hyperthyroidism, and drugs such as 
metoclopramide (a potent antiemetic, which is thought to act by direct stimulation of 
cholinergic neurons), particularly when gastric emptying is unusually slow. Gastric emptying 
is retarded by fatty foods, high bulk (viscous) diet, high concentration of electrolytes or 
hydrogen ions (acidic solutions), mental depression, lying on the left side, diseases such 
as gastric ulcers, pyloric stenosis, gastroenteritis, hypothyroidism and drugs such as 
anticholinergics, tricyclic antidepressants, narcotic analgesics, aluminium hydroxide and 
alcohol. 


Gastric emptying of solutions and suspensions of fine drug particles is generally much 
faster and less variable than that of solid dosage forms, including larger granules. Gastric 
emptying exerts an important influence on drug dissolution and absorption of solid dosage 
forms. A prime example is enteric-coated dosage forms, which are designed to prevent 
drug release in the stomach. Any delay in the gastric emptying of these dosage forms 
will delay dissolution, absorption, and the onset time for producing a response.: 


As a general rule, drugs should be ingested on an empty stomach with a glass of 
water to provide optimal conditions for dissolution and absorption. This rule is particularly 
important for those drugs unstable in gastric fluids (e.g. penicillin and erythromycin), enteric- 
coated dosage forms, and those compounds best absorbed in the lower portion of the 
intestine (e.g. vitamin B,,). There are exceptions to this general rule. These exceptions 
include drugs that are irritating to the stomach (e.g. phenylbutazone, nirtrofurantoin), those 
compounds absorbed in the proximal portion of the small intestine by a specialized mechanism 
(e.g. riboflavin), and those compounds where the presence of certain food constituents 
are known to enhance absorption (e.g. griseofulvin absorption is enhanced in the presence 
of fatty food). 


While any increased gastric emptying rate will probably increase the rate (and possibly 
the extent) of absorption of drugs best absorbed from the small intestine from rapidly dissolving 
dosage forms, the converse may be true in other circumstances. For example, if the dosage 
form must first be exposed to the acidic gastric fluids to initiate disintegration or dissolution, 
rapid emptying may reduce the rate and extent of absorption. Similarly, if the drug dissolves 
slowly from the dosage forms, a shortened residence time in the stomach may reduce 
the extent of dissolution and absorption. Hence, a decrease in gastric emptying rate (i.e. 
increased gastric residence time) would permit a longer time in which dissolution of such 
a drug could occur in the more favorable acidic pH conditions of stomach. 


2.5.1.4 Intestinal Transit 


Once a dosage form empties from the stomach and enters the small intestine it will come 
in contact with an environment which is entirely different from that of the stomach. Since 
the small intestine is the primary site of drug absorption, the longer the residence time 
in this region the greater is the possibility of complete absorption, provided that the drug 
is stable in the intestinal fluid and does not react with the components of intestinal fluid 
to form insoluble or unabsorbable complex. 
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There are two types of intestinal movements, propulsive and mixing. The propulsive 
movements, generally synonymous with peristalsis, primarily determine the intestinal transit 
rate and thus the residence time of a drug or dosage form in the small intestine. The 
time of residence is important since it will decide the amount of time the dosage form has 
for dissolution and for drug absorption. The greater the intestinal motility, the shorter the 
residence time and the less time there is for dissolution and absorption of drugs to occur. 
Peristaltic waves propel intestinal contents down the tract at about 1 to 2 cm/sec. Therefore, 
it takes 3 to 10 hours to move a meal in the form of chyme along the entire length of 
the small intestine. Intestinal motility is most important for: 


1. those dosage forms which release the drug slowly (e.g. sustained release/controlled 
release/ prolonged release products), 


2. enteric-coated dosage forms which release drug only when they reach the small 
intestine, 


3. the drugs which dissolve slowly in the intestinal fluid and 


4. drugs which are absorbed only in certain regions of the small intestine. For e.g. 
riboflavin is absorbed by carrier-mediated transport in the proximal regions of the 
small intestine. 


Mixing movements of the small intestine bring the gut contents, in which the drug 
is present, into intimate contact with the surface epithelium and thereby provide a larger 
effective surface area for absorption. The villi contract during this process result in a 
“milking” action so that lymph flows from the central lacteal into the lymphatic system. These 
mixing movements will improve drug absorption for two reasons: (1) by increasing the 
dissolution rate and (2) by increasing the contact area between the drug and epithelial 
membrane. 


There are a variety of factors that will influence intestinal motility and thereby influence 
drug absorption. The degree of physical activity, age, disease state, and emotional condition 
of a patient may increase or decrease the intestinal motility. Other drugs taken concurrently 
may affect GI motility and thus indirectly affect the rate and extent of availability of a particular 
drug. Such changes in GI motility may increase, decrease, or have no effect on the extent 
of availability of the drug from an oral dosage form. 


Drug absorption from the colon is likely to be quite slow in comparison to the small 
intestine because of the smaller effective surface area available for absorption. Drugs 
that are most likely to be presented to the colon for absorption are those present in dosage 
forms which release drug slowly (e.g. sustained release or enteric-coated tablets) or which 
have dissolved incompletely higher in the tract. 


2.5.1.5 Blood Flow to the GIT 


The entire GIT is highly vascularized and therefore well perfused by the blood stream. 
The splanchic circulation, which perfuses the GIT, receives 28% of cardiac output, and 
this flow drains into the portal vein and then goes to the liver prior to reaching the systemic 
circulation. Since the liver is the most important organ in the body for drug metabolism 
and metabolizes some drugs rapidly, there is a possibility that a large fraction of the dose 
will never reach the systemic circulation because of the hepatic metabolism during absorption. 
This phenomenon is known as the “first-pass effect”, responsible for a decreased 
bioavailability of certain drugs. 
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The dependence of intestinal absorption of drugs on the blood flow rate changes 
from the blood flow, independent to blood flow limited as the absorbability of the substances 
increases. Therefore, absorption will be independent of the blood flow for those drugs 
that are poorly permeable. Intestinal blood flow may be the rate-limiting step in the absorption 
of drugs that can readily penetrate the intestinal membrane and in the absorption of drug 
molecules that are small enough to easily penetrate the aqueous pores in the membrane. 
However, relatively large deviation from the normal mesenteric blood flow rate is required 
to produce an important change in the absorption rate. In general, the rate of drug absorption 
will be unaffected by any normal variability in mesenteric blood flow because the blood 
flow is rarely the rate-limiting step in the absorption process. Ordinarily, changes in 
mesenteric blood flow that result from disease or drug effects must be substantial and 
sustained to significantly influence drug absorption. 


2.5.2 Physicochemical Factors 


The absorption and hence the bioavailability of a drug is influenced by many of its 
physicochemical properties. A detailed study of these properties enables the product 
designer to formulate the drug in a most suitable form. 


2.5.2.1 Oil/Water Partition Coefficient (Lipid Solubility) 


The primary physicochemical properties of a drug influencing its passive absorption into 
and across biological membranes are its oil/water partition coefficient (Ko/w), extent of 
ionization in the biological fluids determined by its pKa value and pH of the fluid in which 
it is dissolved, and its molecular weight or volume. The cell surface of the biological 
membranes, including those lining the entire GIT, is lipid in nature. Therefore, the general 
rule is that the higher the lipid solubility of the drug, the greater is the permeability of 
a drug molecule through the biological membrane (i.e. the oil/water coefficient or lipid solubility 
of drugs and their absorption rates are linearly related). There are two classes of exceptions 
to this general rule. They are, (1) highly branched compounds penetrate the membranes 
more slowly than would be expected based on their Ko/w values, and (2) smaller polar 
molecules penetrate the membranes more readily than would be expected based on their 
Ko/w values. The reason for the first exception is that branched compounds must disrupt 
the local lipid structure of the membrane and will encounter a greater steric hindrance 
than a straight chain molecule. This effect with a branched compound is not adequately 
reflected in simple aqueous-lipid partitioning studies (i.e. in the Ko/w values). The explanation 
for observed deviations in the case of small polar molecules rapid membrane penetration 
is that cell membranes, although lipid in nature, are not continuous but interrupted by smali 
water-filled channels or pores; such membranes are best described as being lipid-sieve 
membranes. As a result, small polar molecules pass through the aqueous “pores” readily. 
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2.5.2.2 Drug Dissociation Constant and Gastrointestinal pH 


Most drug molecules are either weak acids or bases which will be ionized to an extent 
determined by the compounds pKa (pKa is the negative logarithm of the dissociation constant 
of a drug) and the pH of the biological fluid in which it is dissolved. The importance of 
ionization in drug absorption is based on the observation that the unionized form of the 
drug has a greater Ko/w than the ionized form, and since Ko/w is a prime determinant 
of membrane penetration, ionization would be expected to influence absorption. The inter- 
relationship between the degree of ionization of weak electrolyte drug (which is determined 
by its dissociation constant and the pH at the absorption site) and the extent of drug 
absorption is embodied in the pH-partition hypothesis of drug absorption. 


The pH-Partition Hypothesis 


The pH-partition theory of drug absorption is based on the assumption that the 
gastrointestinal/blood barrier acts as a lipid barrier towards weak electrolyte drugs which 
are absorbed by passive diffusion. The gastrointestinal/blood barrier is permeable to the 
non-ionized form of a weak acidic or basic drug but impermeable to the ionized form. 
Consequently, according to the pH-partition hypothesis, the absorption of a weak electrolyte 
drug will be determined chiefly by the extent to which the drug exists in its unionized form 
at the site of absorption. 


The extent to which a weak acidic or basic drug ionizes in solution in GIT fluids or 
blood may be calculated using the appropriate form of the Henderson-Hasselbalch equation. 
For a weak acidic drug having a single ionisable group, the following equation is used. 


pH — pKa = log [ionized] 28a 
[unionized] 
1 9(PH-Pka) 
Percent drug ionized = Ts 100H-pKay * 100 2.8 b 


Where [unionized] and [ionized] are the respective concentrations of the non-ionized 
and ionized forms of the weak acidic drug, which are in equilibrium in solution. pH refer 
to the pH of the environment in which both forms of the weak acidic drug are in equilibrium 
i.e. pH of the GI fluids or the blood. 


For a weak basic drug having single ionizable group, the analogous equation is 


pKa — pH = log _lionized] 29a 
[unionized] 
1 Q(Pka-PH) 
Percent drug ionized = T ooe miy * 100 2.9 b 
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Absorption of a Weak Acidic Drug 


In order to understand the absorption of weak acidic drugs from GIT, let us consider the 
absorption of salicylic acid. Consider the distribution of salicylic acid having a pKa of 3.0 
between the blood and gastric fluid. For the purpose of calculation assume that the pH 
of gastric fluid is 1.2 and the pH of blood is 7.4. Equation 2.8 (a) may be used to calculate 
the relative amounts of ionized and unionized forms of salicylic acid that are in equilibrium 
in solution in the gastric fluid or blood. 


In gastric fluid, pH =1.2 


[ionized] 
H = pKa = log r 
P P ~" [unionized] 
12-30 =| [ionized] 
i [unionized] 
[ionized] o. — 
Therefore, [unionize d] = antilog (-1.8) = 0.016 


It means the ratio of the concentrations of the ionized and unionized forms of salicylic 
acid is 0.016: 1, respectively. A great portion (98.4%) of the drug in solution in the gastric 
fluid exists in the unionized form i.e. absorbable form. Therefore, this drug is absorbed 
rapidly from gastric fluids and enters the blood. In the blood, the drug will experience 
a pH of 7.4. The extent of ionization of the drug in the blood may be calculated using 
equation 2.8 a as follows: 


if = pide =] [ionized] 
P “l [unionized] 
74-30 = ig iel 
[unionized] 

[ionized] 


Therefore, = antilog (4.4) = 25119 


[unionized] 

Thus, the ratio of the concentrations of the ionized and unionized forms of a weak 
acidic drug in solution in the blood is 25119 : 1, respectively. It is evident that the weak 
acidic drug, once present in the blood, will exist almost entirely (99.996%) in its ionized 
form. It means only 0.004%: of the drug is in unionized tonm in the blood. Thus, irrespective 
of the sink conditions provided by the systemic circulation to the absorbed drug, the 
concentration gradient is maintained towards the blood. Hence, there will not be any tendency 
for the weak acidic drug in the blood to be absorbed back into the stomach. 

Let us assume that the stomach and blood are two compartments separated by the 
gastrointestinal/blood barrier. The barrier is permeable only to unionized form of the drug 
and thus, there exists an equilibrium between the concentration of unionized form of the 
drug in the stomach and that in the blood. The ionized form of the drug in the stomach 
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and the blood are in equilibrium with the unionized form in each compartment. The equilibrium 
distribution of the weak acidic drug (e.g. salicylic acid, pKa 3.0) between gastric fluid (pH 
1.2) and blood (pH 7.4) may be represented as shown in Fig. 2.13, 


Stomach sre Blood 
pH = 7.4 


Relative Concten: 
trations 


LUinionized — =œ lonized 
Lū q= =— 23119 


Total Co: . Gastrointest 
Tatal “oncentra Fd Gastrointestinal 
tions a; 25120 Blood Barrier 


Fig. 2.13 Schematic representation of the equilibrium distribution of salicyclic acid (pKa 3.0} 
between the stomach and the blood. 


The total equilibrium concentration of salicylic acid (a weak acidic drug) is approximately 
25000 times greater in the blood than in the stomach. Hence, according to the pH-partition 
hypothesis, weak acidic drugs which exist predominantly in the unionized form at gastric 
pH are well absorbed from the stomach. 


Absorption of Weak Basic Drug 


Let us now consider the distribution of a weak basic drug, aminopyrine (pKa 5.0) between 
the gastric fluids (pH 1.2) and the blood (pH 7.4), The appropriate equation for the calculation 
of relative concentrations of the ionized and unionized forms of aminopyrine at pH 1.2 
and 7.4 is, 


[ionized] 


pea a E [unionized] 


The relative equilibrium concentrations of ionized and unionized forms of aminopyrine 
in the gastric fluid compartment and the blood compartment are in the ratio of 6310.6 
and 1.004, respectively (Fig. 2.14). At equilibrium, the total concentration of the weak 
basic drug in the stomach is approximately 6300 times greater than that in the blood. Thus 
according to the pH-partition hypothesis, drugs, which are predominantly ionized at gastric 
pH are poorly absorbed from the stomach. In calculating the distribution of a typical weak 
acidic drug and a typical weak basic drug between the stomach and blood, it has been 
assumed that an equilibrium distribution is attained. In practice such an equilibrium will 
rarely (if any) is achieved, since, the stomach and blood are not closed or static 
compartments. The drug is removed from the stomach into the intestine by normal 
contractions of the stomach. The drug, which enters the blood, is removed from the site 
of absorption by the circulation of the blood and is removed from the blood by distribution 
into tissues, by glomerular filtration, and by metabolism. 
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Fig. 2.14 Schematic representation of the equilibrium distribution of aminopyrine (pKa 5.0) 
between the stomach and the blood. 


Limitations of the pH-Partition Hypothesis 


According to the pH-partition hypothesis, acidic drugs should best be absorbed from acidic 
solutions where pH < pKa, while basic drugs would best be absorbed from alkaline solutions 
where pH > pKa, This general principle is supported by the observations that acidic drugs 
are better absorbed at acidic pH and basic drugs at basic pH from stomach, where surface 
area and other factors other than pH are constant. 


However, some deviations from pH-partition hypothesis were observed. Some 
compounds (e.g. salicylic acid) which are essentially completely ionized in the buffer solutions 
were rapidly absorbed. To explain these exceptions its suggested that there exist a ‘virtual 
membrane pH" on the surface of the absorbing membrane (about 5.3), different from the 
bulk pH of the buffer solution. This pH determines the fraction of unionized form of drug 
and hence dictates the absorption pattern. Although there may indeed be an effective 
pH at the immediate surface of the intestinal membrane, different from the pH of solutions 
bathing the lumen, there is overwhelming experimental evidence indicating that many drugs 
in the ionic form are well absorbed. At the same pH (i.e. pH 6), acidic and basic drugs 
are more rapidly absorbed from the intestine compared to the stomach. This is by virtue 
of the larger intestinal surface area bul not because of “virtual membrane pH". If all other 
conditions were the same, the unionized form of a drug in solution would be more readily 
absorbed than the ionized form. However, conditions along the GIT are not uniform and 
hence most drugs, whether ionized or unionized (i.e. regardless of pH), are best absorbed 
from the small intestine as a result of the large surface area of this region. 


A further illustration that the absorption of a drug from the gastrointestinal tract is 
not solely dependent on the drug being unionized is provided by the observation that a 
number of drugs are poorly absorbed from certain areas of the GIT despite the fact that 
their unionized forms predominate in such areas. For instance, barbitone (pKa 7.8), which 
is almost totally unionized at the gastric pH, is only poorly absorbed from the stomach. 
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However, thiopentone which has a similar pKa value (pKa 7.6) is much better absorbed 
from the stomach than the barbitone. The reason for this difference is that the absorption 
of drugs is also affected by the lipid solubility exhibited by the unionized forms. Thus the 
unionized form of thipentone, being more lipid soluble than the unionized form of barbitone, 
exhibits its a greater affinity for the gastrointestinal membrane and is thus better absorbed 
from the stomach. 


A further observation which can not be explained by the pH-partition hypothesis is 
that certain drugs (e.g. quatemary ammonium compounds and tetracyclines) are absorbed 
readily despite being ionized over the entire pH range of the GIT. 


To summarize, the pH-partition hypothesis provides a useful guide in predicting general 
trends in drug absorption and it remains as an extremely useful concept. There are numerous 
examples illustrating the general relationship among pH, pKa and drug absorption developed 
in this hypothesis. The primary limitation of this concept is the assumption that only unionized 
drug is absorbed, when in fact the ionized species of some compounds can be absorbed, 
albeit at a slower rate. There is also the presence of unstirred water layers at the epithelial 
membrane surface, which can alter the rate of drug diffusion, Further more, the hypothesis 
is based on data obtained from a drug in solution. In a practical sense, there are other 
considerations, which are more likely to govern the pattern of drug absorption and these 
include dissolution rate from solid dosage forms, the large intestinal surface area, and 
the relative residence times of the drug in different parts of the GIT. In general, drug 
absorption in humans takes place primarily from the small intestine regardless of whether 
a drug is a weak acid or base. 


2.5.3 Dissolution 


The dosage forms administered by the oral route are mainly either a solution, or suspension, 
tablet or hard gelatin capsules. The drug in solution form is available for absorption as 
soon as it uniformly distributes in fluid of the stomach, Some times a drug in solution 
when administered may precipitate in the fluids of the stomach due to a change in pH, 
in which case the fine precipitate should again dissolve in the fluids of the stomach, The 
drug particles of a suspension must undergo dissolution so that the drug is in solution 
for absorption. In case of tablet or capsule dosage forms, they should first undergo 
disintegration to release aggregates or granules and then deaggregation into fine particles. 
The dissolution of a drug takes place from a dosage form as such, aggregates or granules 
and fine particles. A drug in solution is absorbed through the gastric mucosa and reaches 
systemic circulation (Fig. 2.15). Stomach emptying causes the emptying of the drug in 
solution, fine particles, aggregates and even the dosage form into the small intestine which 
undergo dissolution as explained above. 


It can be seen from the Fig. 2.15 that the dissolution of a drug from the fine particles 
determines the rate at which the drug comes into solution and thereby the absorption of 
the drug. 
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Fig. 2.15 Diagrammatic Representation of the Processes Involved in Drug Absorption From 
Different Dosage Forms. 


Mechanisms of Dissolution 


Dissolution is nothing but the rate of solution of a solid in a solvent; that is, it is the transfer 
of solute molecules from the surface of solid into the bulk of a solvent. In order for the 
dissolution of a solid to occur, solute molecules must first escape from the surface of the 
solid and then undergo some form of transport process away from the surface into the 
bulk of the solvent. Three types of dissolution models are proposed depending on the 
relative significance of two processes mentioned above and the means by which the transport 
is effected. These three models which, either alone or in combination, can be used to 
describe the dissolution rate mechanisms. TKe three models are : 
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1. Diffusion Layer Model or Film Theory 
2. Interfacial Barrier Model or Limited Solvation Theory and 
3. Danckwerts’ Model or Surface Renewal Theory 


Diffusion Layer Model or Film Theory 


The simplest of the three models is the diffusion layer model, in which it is assumed that 
there is a static liquid film adjacent to the solid surface. The reaction at the solid/liquid 
film interface is assumed to be rapid, so that the rate of dissolution is governed entirely 
by the diffusional transport of the solute molecules through the liquid film. Once the solute 
molecules pass the liquid film/bulk film interface, rapid mixing occurs and the concentration 
gradient is destroyed. The model is depicted in Fig. 2.16(a). 
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Fig. 2.16(a) Schematic diagram of the dissolution process. 


The rate at which the dissolution of a drug takes place from a particle into its surrounding 
fluid according to this model can be assessed by the Noyes-Whitney equation. The 
assumptions made in developing the Noyes-Whitney equation are: 

1. drug particles are spherical in shape and equal in size, 

2. the dissolution process is controlled by diffusion of molecules or ions, 

3. there is no chemical reaction between the drug and the components of the fluid in 
which the drug is present, and 

4. the thickness of the diffusion layer (h) and the saturation solubility of drug in diffusion 
layer (Cs) are constant irrespective of the particle size. 


According to Noyes and Whitney, the rate of dissolution (dm/dt) is given by, 


dm _ DA (Cs - Cg) 
A 2.10a 
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where : 
dmidt= rate of the dissolution of the particles 


D = diffusion coefficient of the drug in solution in the GI fluids 

A = effective surface area of the drug particles 

h = the thickness of the diffusion layer (stationary layer of the solvent) around 
the drug particles 

Cs = saturation solubility of the drug in the diffusion layer 


Cg = concentration of the drug in solution in the bulk of GI fluids 


Fig. 2.18 (a) schematically illustrates the relationship of the terms in equation 2.10a 
to the dissolution process. It should be emphasized that this crude model does not completely 
describe the dissolution process. The model has, however, helped to explain many 
experimental results, Each term in the equation influences the rate of dissolution of a 
drug in GI fluids. As the dissolution of drug particles take place, the particle size and 
surface area are also changed. Hixon and Crowell developed an equation to account 
for these changes during dissolution and is known as Hixon and Crowell's Cube Root Law 
of dissolution 

Wht - wit = kt 2.10 b 
where, Wi = original mass of the drug 
W, = mass of the drug remained at time t 
K dissolution rate constant 


Interfacial Barrier Model or Limited Solvation Theory 


In this model, it is assumed that the reaction at the solid surface is not instantaneous, 
due to a high free energy of activation required for solubility of a solid. Therefore, the 
rate of solubility of solid in the liquid film becomes rate limiting rather than diffusion of 
dissolved molecules, The situation is illustrated in Fig. 2.16(b) for the case where the 
now relatively rapid transport process occurs by diffusion through a static liquid film. Equation 
for describing the dissolution rate of a solid by this model is, 


dmidt = Ki (Cs - Cg) 2.10 c 


where, dmidt, Cs and Cg are as defined previously and Ki is the effective interfacial transport 
rate constant. 
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Fig. 2.16{b) Mechanisms of Dissolution—Interfacial Barrier Method. 
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Danckwerts'Model or Surface Renewal Theory 


Danckwerts never agreed for the existence of a saturated diffusion layer and proposed 
that the transport of a solute away from the solid surface is achieved by means of macroscopic 
packets of solvent which attach themselves to the surface, absorb the solute by normal 
diffusion, and are then replaced by fresh packets of solvent. Since fresh solvent packets 
attack the new solid surface each time to effect dissolution, the theory is also known as 
Surface Renewal Theory (Fig. 2.16(c)). 
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Fig. 2.16(c) Mechanisms of dissolution—Danckwert's modal. 


The turbulence present in the dissolution medium at the solid/liquid interface is 
responsible for the rapid movement of solvent packets or macroscopic mass of eddies 
that reach the solid/liquid interface in random manner, Because of the rapid movement 
of these solvent packets, the drug concentration in them never reaches Cs, The general 
expression used for the rate of dissolution of a solid by Danckwerts’ model is, 


dm/dt = S$’? O' (Cs -Cg) 2.16 d 
Where, 5 is the mean rate at which a fresh surface is produced and all other terms 
are as defined previously. 


2.5.3.1 Factors Affecting the Rate of Dissolution 


Particle Size and Effective Surface Area : The smaller the drug particles, the greater 
the surface area for a given amount of drug. Thus equation 2.10a predicts that dissolution 
rate will increase as the effective surface area of the drug in contact with the Gl fluid increases 
(Le. as'the particle size decreases). However, for drugs that are freely soluble in the Gl 
fluids, the particle size may not influence the dissolution rate significantly, Drugs having 
a limited solubility {< 1%) in the fluids of the GIT often exhibit poor or erratic absorption 
unless the dosage forms are specially tailored for the drug. Therefore, many poorly soluble 
and slowly dissolving drugs are marketed in micronized or microcrystalline form. Particle 
size reduction is thus likely to result in an increased bioavailability, provided that absorption 
of the drug dissolution rate limited. 
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Particle size reduction improves the bioavailability of certain drugs such as griseofulvin, 
spiranolactone, digoxin, and benoxaprofen. Micronization of griseofulvin reduces the daily 
dose required for therapeutic effect from 1 g to 0.5 g, while the micronization of spiranolactone 
results in the reduction of the therapeutic dose by twenty fold (from 500 mg to 25 mg). 
Particle size may also be an important factor in the bioavailability of digoxin. Reduction 
in digoxin particle size by ball milling from a mean diameter of 30 um to 3.7 um leads to 
an increase in the rate and extent of absorption of the drug. 


There are instances in which particle size reduction fails to increase the absorption 
rate of a drug. One possible explanation for this observation is that the dissolution of 
the drug may not be a rate-limiting step in the absorption process. Micronization some 
times dramatically increases the tendency of drug particles to aggregate, which may lead 
to a decrease in effective surface area (i.e. the portion of the surface actually in contact 
with the dissolving fluids). A decreased dissolution rate of phenacetin, a hydrophobic drug, 
is observed with a decreased particle size. In fact, the smaller phenacetin particles had 
more air adsorbed on their surfaces and actually float on the dissolution medium. When 
a surface active agent is added to the dissolution medium, the smaller particles were more 
readily wetted. Thus, their absolute surface area becomes their effective surface area 
and the rate of dissolution is increased significantly. Physiological surface active agents 
like bile salts and lysolecithin probably facilitate the dissolution and absorption of poorly 
water-soluble drugs in the small intestine. 


A unique approach to presenting a poorly soluble drug in an extremely fine state 
of subdivision to the GI fluids is the administration of the drug in the form of solid dispersion. 
Solid dispersions consist of the drug in a physiologically inert, readily water-soluble material 
called “carrier”. Solid dispersions can be formulated as solid eutectic mixtures. For example, 
sulphathiazole in a matrix of urea. When this system is exposed to the GI fluids, the water- 
soluble carrier dissolves quickly and exposes the drug in fine state of subdivision, which 
undergoes rapid dissolution in the Gi fluid. The formation of a solid solution of a poorly 
water-soluble drug in a water-soluble carrier should offer a greater improvement in dissolution 
rate and the bioavailability of the poorly water-soluble drug than that of its eutectic mixture. 
This is because of the fact that the poorly water-soluble drug would be dispersed as single 
molecules throughout the water-soluble carrier. The increased dissolution rates and the 
bioavailabilities of griseofulvin are observed when solid dispersions of griseofulvin in high 
molecular weight polyethylene glycol are evaluated. Formation of a solution of griseofulvin 
in polyehtylene glycols is responsible for the observed improvement in the dissolution rates 
and bioavailabilities. 


In addition to size reduction, other factors also contribute to the improved dissolution 
rate and bioavailability exhibited by solid dispersions. They are: 


1. an increase in aqueous solubility of the drug due to the presence of drug particles 
in extremely small size, 


2. improved solubility of the drug in the diffusion layer by ‘carrier’, 


3. prevention of aggregation and agglomeration of the drug particles exposed to the 
GI fluids, 
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4. excellent wettability and dispersibility of the exposed drug particles in the GI fluids, 
and 

5. possible formation of metastable polymorphic forms (which are more soluble and rapidly 
dissolving in the GI fluids ) of the drug during the formation of the solid dispersion 
system. 


Certain drugs such as penicillin G and erythromycin are unstable in gastric fluids. 
Thus chemical degradation will be minimized if such drugs do not dissolve readily in gastric 
fluids. Hence, particle size reduction would not only produce an increased rate of dissolution 
of a drug in the gastric fluids, but also its degradation. This would result in a decrease 
in the amount of intact drug available for absorption from the small intestine. 


It is interesting to note that in the case of nitrofurantoin, the inclusion of small-sized 
particles of this drug in tablets give an increased incidence of undesirable side effects. 
The enhanced bioavailability resulted from particle size reduction was believed to be 
responsible for these undesirable side effects. This is an example where an improved 
bioavailability results in over medication of patients. 


Saturation Solubility of the Drug, Cs 


The next term in the equation 2.10a, that can be manipulated, is Cs, the saturation solubility 
of the drug. The Cs is influenced by both patient and pharmaceutical variables. The 
patient variables includes the changes in pH as well as the amounts and types of secretions 
along the GIT. Additionally both the physical and chemical properties of a drug molecule 
can be modified to increase or decrease its saturation solubility. 


The pH Effect 


The solubility of a weak acidic drug or weak basic drug is influenced by the pH of the 
fluid. Therefore, differences are expected in the solubility and hence the dissolution rate 
of such drugs in different regions of the GIT. 


The dissociation of weak acidic drug is given by: 


Ka 
[HA] TAT H] 2.11 
The total solubility of a weak acidic drug is given by, 
Cs=[HA] + [A] 2.12 


Where Cs = total solubility of drug in the fluid 
[HA] = the intrinsic solubility of unionized acid (denoted as Co) 
[A] = the concentration of its anion 


The concentration of the anion can be written as: 


[HA]Ka _ Co Ka 


Al: aa O E 


2.13 
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The total solubility of a weak acidic drug is thus: 


ne a = a 214 
[H] [H] 


In a similar manner, the solubility of a weak basic drug is given by, 


_ Co+Co[H*] _Co(1+[H+)) 
Ka Ka 


Equations 2.14 and 2.15 indicate that the dissolution rate of weak acidic drugs increases 
withamcreasing pH (i.e. decreasing [ H*] ), whereas the dissolution rate of weak basic 
drugs decreases with an increasing pH. Therefore, the dissolution rate of weak acidic 
drugs is more in the intestine than in the stomach, whereas weak basic drugs show a 
greater dissolution rate in the stomach than in the intestine. It is, therefore, important 
for poorly soluble weak basic drugs to dissolve rapidly in the stomach, since the dissolution 
rate of undissolved drug in the small intestine may be too low to permit complete absorption. 


Cs 2.15 


The relationships that have been described between the dissolution rate and hydrogen 
ion concentrations (equations 2.14 and 2.15) are only approximations, because they do 
not fully account for the influence of the unstirred diffusion layer. These equations tend 
to overestimate the dissolution rate of weak acidic drugs in the small intestine and the 
dissolution rate of weak bases in the stomach. Under these conditions, the hydrogen ion 
concentration of the bulk, [ H*], is not equal to the hydrogen ion concentration of the diffusion 
layer, [ H*]d. In general, [ H*]d > [ H*] for weak acidic drugs and [H*]d < [H*] for weak 
basic drugs. 


It is possible to approximate the hydrogen ion concentration of the diffusion layer 
around a drug particle by measuring the pH of a buffer solution of a given pH saturated 
with that drug. A saturated solution of a weak acidic drug, like that found in the diffusion 
layer, tends to depress the neutral pH of the intestinal fluids, whereas a saturated solution 
of a weak basic drug tends to elevate the low pH of the gastric fluid. These fine differences 
seem to be of little importance for the absorption of weak acidic drugs, or weak basic drugs 
administered as such, but they are important when drugs are given in the form of salts. 


Salt Forms 


The dissolution rate of a particular salt is usually different from that of the parent compound. 
Sodium or potassium salts of weak acidic drugs dissolve more rapidly than the free acids, 
regardless of the pH of the dissolution medium. The effect of salt form on the dissolution 
rate can not be explained in terms of solubility and bulk pH, but requires a consideration 
of the pH of the diffusion layer. The pH of the diffusion layer surrounding each particle 
at a given bulk pH is always greater for sodium or potassium salt of a weak acidic drug 
than for the corresponding free acid. This is because of the neutralizing action of the 
strong alkali cations (e.g., K* or Na* ions ) present in the diffusion layer. On the other 
hand, the pH of the diffusion layer of an HCI or other strong acid salt of a weak basic 
drug is always smaller than the diffusion layer pH of the corresponding free base. 
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Since the salt form of a weak acidic drug has a relatively high solubility at the elevated 
pH in the diffusion layer, dissolution of the drug particles will take place at a faster rate. 
The dissolved drug diffuses out of the diffusion layer and comes in contact with the bulk 
of gastric fluids, where the pH is lower than that of diffusion layer, and may lead to the 
precipitation of drug in a free acid form. This is because of the low solubility of the drug 
at a lower pH. Thus the free acid form of the drug in solution, which is in excess of its 
solubility at the bulk pH of the gastric fluid, will precipitate out leaving a saturated or near 
saturated solution of free acid in the gastric fluid. It is considered that the precipitated 
free acid will be in the form of very fine wetted drug particles, which exhibit a very large 
effective surface area in contact with the gastric fluid. This large effective surface area 
is many times greater than that would have been obtained if the free acid form of the 
drug had been administered, which facilitates rapid dissolution of the precipitated particles 
of free acid under suitable conditions. There are conditions which facilitate a further 
dissolution of the precipitated free acid form. They are: 


1. When a dissolved drug is absorbed, concentration of the drug in the gastric fluids 
is decreased favoring the dissolution of the fine particles of the drug. 

2. Additional gastric secretions increase the fluid volume in which a further dissolution 
of fine particles takes place. 


3. Fine precipitated drug particles emptied slowly from the stomach into the intestine 
give scope for the dissolution of drug particles remained in the stomach. 


As a result of this rapid re-dissolution of fine precipitated drug particles, the 
concentration of free acid in solution will be maintained at or near to saturation solubility 
of free acid in the gastric fluids at the bulk pH. Thus the oral administration of a solid 
dosage form containing a strong alkali salt of a weak acidic drug would be expected to 
give a more rapid rate of drug dissolution and a more rapid drug absorption than if the 
free acid form of the drug itself had been included in the dosage form. This is true for 
the drugs that exhibit a dissolution rate-limited absorption. 


Many examples exist of the effects of soluble salts on drug absorption. Some studies 
also report significant effects on clinical response. Marked differences have been observed 
in the rate and extent of absorption of novobiocin when administered as such or in the 
form of a salt. The bioavailability of the drug after oral administration of a sodium salt 
is twice that of a calcium salt and 50 times that of a free acid. 


Oral administration of penicillin V and its potassium and calcium salts resulted in 
peak plasma levels of the drug that are best correlated with their dissolution rates. Potassium 
salt of penicillin V produces a higher peak plasma level followed by calcium salt and then 
the free form. 


So far the dissolution of strong alkali salts of weak acidic drugs have been considered 
to explain how the salt form of a drug shows a rapid dissolution rate than that of its parent 
drug. The higher rate of dissolution of strongly acidic salt forms of a weak basic drug 
in GI fluids than that of free base, can be explained by considering the pH of the diffusion 
layer around drug particle. The presence of strong acidic anions (e.g. Ci- ions) in the 
diffusion layer formed around each dissolving salt particle of drugs ensures that the pH 
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in that layer is lower than the bulk pH in either gastric or intestinal fluid. This lower pH 
will increase the solubility of a drug (Cs) in the diffusion layer. The oral administration 
of a salt form of a weak basic drug in a solid dosage form generally ensures that dissolution 
of the drug before it passes into the small intestine where the pH conditions are less favorable 
to the dissolution of weak bases. Hence, the use of strong acidic salt forms of weak basic 
drugs generally ensures that stomach emptying (and not dissolution rate) is the rate-limiting 
step for the absorption of such drugs from the smal! intestine. 


It is not always true that a salt form of a drug will have a higher dissolution rate 
than its parent drug. Certain salts have a lower solubility and dissolution rate than their 
parent drug, e.g. the aluminum salts of weak acids, and the pamoate salts of weak bases. 
In these, insoluble films of either aluminum hydroxide or pamoic acid appear to form over 
the dissolving solids when the salts are exposed to alkaline or acidic environment, respectively. 
These insoluble films further reduce the rate of dissolution. The experimental data suggest 
that salt formation is a potential means of obtaining a slow absorption and prolonged effects 
of certain drugs. The pamoate salt of imipramine has been marked as a slow-release 
form of the drug. 


An alternative method of increasing the dissolution rate of a weak acidic drug in the 
gastric fluid is the inclusion of physiologically inert basic compounds in a soiid dosage 
form containing the free acid form of the drug. The presence of basic ingredients ensures 
that a relatively alkaline diffusion layer is formed around each dissolving drug particle. 
The presence of aluminum dihydroxyamino acetate and magnesium carbonate in aspirin 
tablets is found to increase the dissolution rate of aspirin in the stomach and the bioavailability 
of this drug following oral administration. 


Some times, problems with chemical stability preclude the use of salts of a drug in 
a dosage form. Aspirin, for example, is much more prone to hydrolysis in the form of 
sodium acetylsalicylate. Even solid dosage forms of this salt have poor chemical stability. 


At other times, undesirable pharmacological responses observed with the rapid 
dissolution of salt forms of a drug precludes the use of salts in the dosage form. For 
example, oral administration of sodium salt of tolbutamide reduces blood glucose to about 
65 to 70% of control levels. The more slowly dissolving free acid form produced a gradual 
decrease in blood sugar to about 80% of control levels, when administered orally. 
Pronounced reduction in the blood glucose level achieved by sodium salt of tolbutamide 
may lead to severe hypoglycemia and even diabetic coma. Hence, the free acid form 
of tolbutamide is a more useful form of the drug for treatment of diabetes. 


Crystal Form 


Crystal habit and the internal structure of a drug can affect physicochemical properties, 
which range from chemical stability to bioavailability. Many drugs can exists in more than 
one crystalline form, a property known as polymorphism. Many physico-chemical properties 
vary with the internal structure of the solid drug, including melting point, density, hardness, 
crystal shape, solubility and dissolution rate. A drug may exists in more than one crystalline 
form, but at a given temperature and pressure only one crystalline form is stable and all 
other forms found under these conditions are called metastable polymorphs. The metastable 
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polymorphs will tend to transform into the most stable form at rates that depend on the 
energy differences between the metastable and stable forms. The metastable polymorph 
is a higher energy form of a drug and usually has a lower melting point, greater solubility 
and greater dissolution rate than the stable crystal form. As a result, one polymorph may 
be more active therapeutically than another polymorph of the same drug. In other words, 
the clinical efficacy of a drug depends on the polymorph administered. 


The influence of polymorphism on bioavailability of a drug is best illustrated by 
chloramphenicol palmitate which exists in three crystalline forms designated as A, B and 
C. Polymorph A is the stable form, B is the metastable form and C is the unstable form 
under normal conditions of temperature and pressure. Polymorph C is too unstable to 
be included in the formulation, but polymorph B is sufficiently stable so that it can be formulated 
as a dosage form. Bioavailability of orally administered suspensions. of polymorphs A and 
B reveals that polymorph B could produce therapeutic levels in the plasma while polymorph 
A fails to produce biological activity. This is attributed to the more rapid in-vivo dissolution 
of the metastable polymorph B of chloramphenicol palmitate. Following dissolution, 
chloramphenicol! palmitate is hydrolyzed to give free chloramphenicol in solution, which 
is then absorbed. The stable polymorph A of chloramphenicol! palmitate dissolves so slowly 
and consequently is hydrolyzed so slowly to chloramphenicol in-vivo that this polymorph 
is virtually without biological activity. 


Crystalline form II of sulfonamide is about twice as soluble as crystalline form Ill. Studies 
in normal human subjects show that the rate and extent of absorption of the sulfonamide 
are about 40% greater after administration of form || than after administration of form Ill. 


Polymorphism can also be a factor in formulation technology. Cortisone acetate is 
found to exist in at least five different forms, four of which are found to be unstable in 
the presence of water and which change to a stable form. Since this transformation of 
soluble metastable forms to stable form involves appreciable caking of the crystals, only 
stable form of cortisone acetate should be used in preparing a suspension. 


In addition to different polymorphic crystalline forms, a drug may exists in an amorphous 
form. Amorphous forms are typically prepared by rapid precipitation, lyophilization, or rapid 
cooling of liquid melts. Since amorphous forms are usually of a higher thermodynamic energy 
than the corresponding crystalline forms, solubilities as well as dissolution rates are generally 
greater. Therefore, there is a possibility that amorphous form of a drug may show a higher 
bioavailability than that of the crystalline form. 


A classic example of the influence of an amorphous versus crystalline form of a drug 
on its gastrointestinal bioavailability is provided by novobiocin. The amorphous form of 
novobiocin is at least 10 times more soluble than the crystalline form. Studies in dogs 
fail to detect any absorption of novobiocin after oral administration of the crystalline form. 
The more soluble amorphous form of novobiocin is readily absorbed following oral 
administration. An important observation made in the case of an aqueous suspension 
of novobiocin is that thermodynamically unstable amorphous form converts slowly into the 
stable crystalline form upon storage. This conversion of the amorphous form of novobiocin 
to the stable crystalline form results in a loss of the therapeutic effectiveness of the dosage 
form. 
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Solvate Formation 


A Solvate is a molecular complex that has incorporated the crystallizing solvent molecules 
into specific sites within the crystal lattice. When the incorporated solvent is water, the 
complex is called a hydrate. A crystal not containing any water within its structure is termed 
anhydrous. 


In general, hydrates show a less aqueous solubility than their corresponding 
anhydrous forms. Conversion of an anhydrous compound to a hydrate within a dosage 
form may reduce the dissolution rate and the extent of absorption. In a study, the anhydrous 
and trihydrate forms of ampicillin were administered orally as a suspension to human subjects. 
The more soluble anhydrous form produced higher and earlier peaks in the blood serum 
levels than the less soluble trihydrate form. 


Studies in humans indicate that the rate and the extent of absorption of griseofulvin 
are significantiy increased after administration of a chloroform solvate compared to that 
observed after administration of the non-solvated form of the drug. These findings are 
consistent with the greater solubility and dissolution rate of the solvates in a simulated 
intestinal fluid. 


Soluble Prodrugs 


While salt formation is limited to molecules with ionizable groups, prodrugs may be formed 
with any organic molecule having a chemically reactive functional group. Prodrugs are 
synthetic derivatives of drug molecules that may have an intrinsic pharmacologicaj activity 
but usually must undergo some transformation in-vivo to liberate the active drug molecule. 
Because of a rapid dissolution rate, soluble prodrugs exhibit an improved rate and extent 
of absorption from the GIT. 


The widely used benzodiazepine, and diazepam, undergoes a biotransformation to 
form the active metabolite nordiazepam. Clorazepate is a prodrug of nordiazepam and 
is marketed as dipotassium salt that is freely soluble in water, in contrast to the poorly 
soluble nordiazepam. Clorazepate is converted into nordiazepam in gastric fluid and hence 
shows improved absorption. 


Water soluble prodrugs can be produced by adding selected amino acids that are 
substrates for the enzymes located in the intestinal brush border. Assuming that the enzyme 
cleavage is not a rate-limiting step, and that the liberated drug molecule would remain 
in the lipophilic membrane, then the transport of the parent drug should be very rapid. 
Using the lysine ester prodrug of estrone, a potential! increase of five orders of magnitude 
in absorption rate is found in-vivo using perfused rat intestine. 


Complexation 


Complexation of a drug in gastrointestinal fluids may alter the rate and, in some cases, 
the extent of absorption. The drug may form complex with the components of a formulation, 
regular components of the GIT, or the components of the diet. The influence of the 
complexation of a drug on its rate and the extent of absorption depends on whether the 
complex formed is soluble or insoluble in the Gi fluids. Further, the soluble complex of 
a drug should dissociate to liberate the parent drug for absorption. Thus, it appears that 
it is not the magnitude of the association constant of the complex but the rate at which 
the complex dissociates that determines whether absorption of the drug is rapid and/or 
as complete as in the absence of complex formation. 
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Mucin is a viscous mucopolysaccharide that lines the mucosal surfaces of the stomach 
and intestine. It forms complexes with certain drugs. Streptomycin, dihydrostreptomycin 
and quaternary ammonium compounds bind strongly to the mucin forming unabsorbable 
complexes. Thus complexation with the mucin reduces the bioavaiblability of each of these 
drugs. Bile salts in the small intestine interact with certain drugs, including neomycin, 
kanamycin and tubocurarine, to form insoluble, non-absorbable complexes. 


Tetracyclines provide an example of drugs whose bioavailabilities are reduced by 
the formation of poorly soluble complexes with dietary components. Tetracyclines form 
insoluble complexes with calcium ions and other polyvalent metal ions present in milk, certain 
foods, or other sources such as antacids. Tetracyclines bioavailability is reduced on 
concomitant administration with ferrous sulfate due to complexation. 


Complexation probably occurs often in pharmaceutical dosage forms. Complex 
formation between drugs and gums, cellulose derivatives, polyols, or surfactants is common. 
The extent of absorption of tetracycline is reduced if dicalcium phosphate is included as 
a diluent in a tablet or a hard gelatin capsule. Amphetamine forms a poorly soluble complex 
with sodium carboxymethylcellulose, which is responsible for the observed reduction in 
bioavailability of amphetamine from a dosage form containing sodium CMC as an excipient. 
Phenobarbital forms an insoluble complex with polyethylene glycol 4000. The dissolution 
and absorption rates of phenobarbital from tablets containing this polyol are markedly 
reduced. In many cases, the drug-excipient complexes are soluble in the GI fluids and 
rapidly dissociate to liberate the ‘free’ drug. In such cases little or no effect of complexation 
on drug absorption is noted. 


Drug complexes usually differ appreciably from the free drug with respect to water 
solubility, dissolution and lipid partition coefficient. Therefore, complexation of a poorly 
absorbable drug with certain compounds to form a lipid soluble complex may be used to 
improve the absorption of a drug. For example, dialklylamides improves the absorption 
of prednisone by forming lipid soluble complexes with prednisone. The gastrointestinal 
absorption of ergotamine tartarate is increased by a simultaneous intake of caffiene. Digoxin 
absorption from GIT is improved when it is administered as hydroquinone-digoxin complex. 
Hydroquinone forms a water-soluble, rapidly dissolving complex with digoxin. The complex 
is quickly and completely dissociated when dissolved. 


Adsorption 


The concurrent administration of drugs and medicinal products containing solid adsorbents 
(e.g. antidiarrhoeal mixtures) may result in the adsorbents interfering with the absorption 
of such drugs from the GIT. The adsorption of a drug onto solid adsorbents such as kaolin, 
attapulgite or charcoal may reduce the rate and/or extent of drug absorption from the GIT. 
Adsorption of drugs onto solid adsorbents leads to the reduction in the concentration of 
the ‘free’ drug in the GI fluids available for absorption. Whether or not an adsorption 
of drug onto a solid adsorbent affect the rate and/or extent of drug absorption depends 
on whether or not adsorbed drug is released into the GI fluids. If the drug-adsorbent 
interaction is readily reversible, drug will be released from the solid adsorbent into the 
GI fluid to replace the free drug that has been absorbed: from GIT. 
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Promazine adsorbs onto attapulgite and charcoal when administered concurrently. 
Attapulgite decreased the rate but not the extent of absorption of promazine. Charcoal 
significantly reduces both the rate and the extent of absorption of promazine. Studies 
indicate that promazine-attapulgite adsorbate is readily dissociated during absorption of 
promazine from the GIT, while promazine-charcoal adsorbate has shown little tendency 
to dissociate. Bioavailability of lincomycin is reduced when administered with kaolin-pectin 
preparation. Parallel in-vitro studies showed that the mixture strongly binds lincomycin. 


Cholestryramine and colestipol are insoluble anionic exchange resins used to lower 
the serum cholesterol levels in patients with hypercholesterolemia. These agents bind 
cholesterol metabolites and bile salts in the intestinal lumen and prevent enterohepatic 
cycling. Cholestryramine is found to reduce the absorption of the anti-coagulants warfarin 
and phenprocoumon. Colestipol resin decreased the absorption of chiorthiazide by 50%. 


The inert excipients used in the formulation must be evaluated for such interactions 
with drugs before finalizing the formulation. Talc, which is used as an excipient in tablet 
formulation, is claimed to interfere with the absorption of cyanocobaiamine by virtue of 
its ability to adsorb this vitamin. 


Concentration of the dissolved drug in bulk solution, Cg 


It can be seen from equation 2.10a that the saturation solubility of a drug, Cs in the diffusion 
layer does not of themselves determine dissolution rate. The determinant is, rather, the 
difference between Cs and Cg, the concentration gradient, (Cs-Cg). It is generally assumed 
that Cg is much smaller than Cs. It means dissolution of drugs occur under sink conditions. 
It should be noted that the volume of the bulk fluids is much larger than the volume of 
the boundary layer. Thus, a large absolute amount of a drug in the bulk fluids may still 
give a smali value of Cg. 


If the concentration of a drug in bulk fluids increases then the concentration gradient 
decreases leading to a decreased rate of dissolution of the drug. For example, if a drug 
is absorbed through the GI membrane very slowly, the drug concentration in the GI fluids 
may build up. This build up would, by decreasing the concentration gradient, decrease 
the dissolution rate. The drug solubility in the diffusion layer and in the bulk fluids may 
differ significantly due to difference in pH of these fluids. A drug may be more soluble 
in the boundary layer and then precipitate in the bulk fluids, especially if the pH differs 
between these two sites. However, these precipitated particles should be quite small, and 
thus may rapidly dissolve. On the other hand, the drug may be more soluble in the bulk 
fluids than in the boundary layer because of a difference in the pH or complexation with 
other components. In this case, the gradient may decrease and dissolution may slow down 
or even stop. In most cases, an increase in Cg which affects the dissolution rate, would 
only occur when another process, such as membrane transport or stomach emptying 
becomes the rate-limiting step in drug absorption. 


Diffusion coefficient (D) and thickness of the stationary layer (h) 
The terms D and h in the Noyes-Whitney equation are considered to be uncontrollable 


by the pharmaceutical manufacturers. For a spherical, ideal drug molecule in solution, 
the diffusion coefficient, D, is given by 


D= a! 2.16 
6nnr 
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Where: 


k = Boltzmann’s constant 

T = absolute temperature 

h = viscosity of the solution 

r = radius of the molecule in solution 


In equation 2.16 k and 6p are constants. The radius r is a property of a drug molecule 
which can not be manipulated. The viscosity of the GI fluids in which the drug is present 
and temperature of the GI fluids can vary and may influence the dissolution rate of a drug. 
Increasing the viscosity of GI fluids will not only decrease the dissolution of a drug but 
also decreases the gastric emptying rate, thus the delaying delivery of the drug to the 
absorption site. Increasing the temperature of the GI fluids will increase the diffusion and 
hence the dissolution of a drug. Patients might be advised to take oral dosage forms 
with warm liquids. However, extremely hot liquids will delay stomach emptying. 


The thickness of the stationary diffusion layer, h, is assumed to be constant and 
is independent of particle size. In fact, this is not necessarily true. The diffusion layer 
probably increases as particle size increases. Furthermore, h will be influenced by the 
degree of agitation experienced by each drug particle in the GIT. Hence, an increase 
or decrease in the GI motility would be expected to decrease or increase the thickness 
of the diffusion layer, thus increasing or decreasing the rate of dissolution of drugs. Noyes- 
Whitney equation was developed on the assumption that all the particles were spherical 
and of the same size. Furthermore, pharmaceutical systems often contain more than one 
active ingredients of different particle size distribution. Thus, the pharmaceutical systems 
are polydisperse and multiparticulate. Another important point to be noted is that as the 
dissolution proceeds the particles become progressively small, hence, h can vary 
considerably initially and throughout the dissolution process. In summary, D and h are 
largely uncontrollable factors, although they may influence bioavailability. 


Drug Stability in GIT 


Drugs may undergo extensive acid or enzymatic hydrolysis in the GIT which reduces the 
bioavailability of such drugs. The extent of hydrolysis of drugs in the GI fluids depends 
on the residence time of the drugs and hydrogen ion concentration or enzyme concentration. 
The drugs penicillin G and erythromycin are susceptible to acid hydrolysis. The half-life 
of degradation of penicillin G is less than 1 min. at pH 1 and about 9 min. at pH 2. The 
degradation rate of penicillin G decreases sharply with an increasing pH; the drug is stable 
in the small intestine. Bioavailability of drugs that are not stable in the stomach can be 
improved by minimizing the dissolution of drugs in stomach and maximizing the dissolution 
of drugs in the intestine. The concept of delaying the dissolution rate of a drug until it 
reaches the small intestine has been employed to improve the bioavailability exhibited by 
erythromycin from the GIT. The drug is administered orally as an enteric coated tablet. 
The enteric coat resists the gastric fluid, but disrupts or dissolves in intestinal fluid at a 
relatively alkaline pH. Hence, the drug is protected from gastric hydrolysis. 


Digoxin undergoes hydrolysis in the gastric fluids to digoxigenin and its mono- and 
bis-digitoxosides. The rate of hydrolysis of digoxin increased with an increased hydrogen 
ion concentration i.e. a decreased pH. 


www.webofpharma.com 


Absorption of Drugs from Gastrointestinal Tract 47 


Investigation with a series of erythromycin esters, which are unstable in the stomach, 
have shown than bioavailability is inversely proportional to the dissolution rate in a simulated 
gastric fluid (pH 1). The propionyl ester of erythromycin exhibits a greater bioavailability 
which dissolves slowly at the pH 1. The minimal dissolution rate of this ester in the stomach 
and rapid dissolution in the small intestine is responsible for the improved bioavailability 
of erythromycin. 


Certain prodrugs must undergo degradation in the GIT to liberate their corresponding 
parent drug. Clorazapate is converted to nordiazepam, the active form, in the stomach. 
Failure to achieve a complete conversion results in a decreased bioavailability. Similarly, 
the esters of chloramphenicol must be hydrolyzed completely in the small intestine to liberate 
chloramphenicol for absorption. Clinical studies in children indicate that about 70% of 
chloramphenicol palmitate undergo conversion in the intestine. 


In the case of erythromycin estolate, which is the laury! sulfate salt of the ester 
erythromycin propionate, the improved bioavailability is because of two reasons. 


1. The poorly soluble lauryl sulfate salt remains undissolved and is thus not degraded 
during its passage through the stomach. !n the small intestine, the lauryl sulfate 
salt dissolves quickly and dissociates to give the ester, erythromycin propionate. 


2. Erythromycin propionate is highly lipophilic and hence is absorbed quickly from the 
small intestine than its free base and reaches the blood circulation. In the blood, 
the ester erythromycin propionate undergoes hydrolysis to give erythromycin, the 
active form of the antibiotic. 


Any failure to effectively convert a prodrug to parent drug in the G! fluids, gut wall 
or liver during absorption results in the prodrug reaching the systemic circulation. An 
important problem that may be encountered’ when prodrugs reach the systemic circulation 
in considerable amounts is the appearance of toxicity distinct from that observed with the 
parent drug. For example, hepato-toxicity is associated with the estolate and ethyl succinate 
forms of erythromycin. f 


2.5.3.2 Measurement of dissolution rates 


Many experiments proved that the disintegration time of a solid dosage form is unable 
to predict the bioavailability of drug from the dosage form. From the basic principles one 
can expect a linear relationship between drug absorption and dissolution rather than 
disintegration, particularly for poorly water-soluble drugs. Dissolution tests in-vitro measures 
the rate and extent of dissolution of a drug in an aqueous medium from a dosage form. 
Extensive research work on in-vitro dissolution and in-vivo availability of drugs revealed 
the fact that in-vitro dissolution test can be used to predict the in-vivo performance of 
the dosage form. There are a number of factors that must be considered when performing 
a dissolution test. 


The size and shape of the dissolution vessel may affect the rate and extent of 
dissolution. For example, the vessel may range in size from several millilitres to several 
litres. The shape may be flat or round bottomed so that in one case the tablet may lie 
in a different position in different experiments and in other case it may be in one position 
in all the experiments. The flow pattern of fluids and the degree of turbulence created 
may also be influenced by the shape. 
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The type of stirrer, its size and position in the vessel affects the amount of agitation 
in the fluid. Agitation increases the dissolution rate by increasing mixing and by decreasing 
the thickness of diffusion layer. Stirring rates must be controlled, and specifications differ 
between drug products. 


The temperature of the dissolution medium must also be controlled and variations 
in temperature must be avoided. Most dissolution tests are performed at 37° C, the body 
temperature. 


The nature and the quantity of the dissolution medium will also affect the dissolution 
test. Various investigators have used dilute gastric juice, 0.1 N HCI, phosphate buffer, 
acetate buffer, simulated gastric juice, water, and simulated intestinal juice, depending on 
the nature of the drug product and the location in the GIT where the drug is expected 
to dissolve. Which medium is best is a matter of considerable controversy. However, the 
medium selected for the study must be able to show the in-vitro and in-vivo correlation. 
In selecting the volume of dissolution medium, the solubility as well as the amount of drug 
in the dosage form must be considered. Usually, a volume of medium larger than the 
amount of solvent needed to completely dissolve the drug is used in such test. 


The design of the dissolution test apparatus must consider all the factors discussed 
above. To-date there is no single apparatus and test that can be used for all drug products. 
Each drug product must be evaluated with a dissolution test that best correlates to its 
in-vivo bioavailability. The United States Pharmacopoeia has played an important role 
in the development of dissolution standards for many drug products. 


The pharmacopoeia specifies the conditions under which a dissolution test should 
be carried out for a specific drug product. The specifications include the apparatus, volume 
and nature of dissolution medium, stirring speed, temperature of dissolution medium, and 
the time periods after which samples have to be collected for analysis. 


Usually, the report on a dissolution test will state that a certain percentage of the 
labeled amount of the drug product must dissolve within a specified period of time. In 
practice, the absolute amount of a drug in a drug product may vary from tablet to tablet. 
Therefore, a number of tablets from each lot are usually tested to get a representative 
dissolution rate for the product. 


2.5.3.2.1 Official Methods of Dissolution 


This test is provided to determine compliance with the dissolution requirements where stated 
in the individual monograph for a tablet or capsule dosage form, except where the label 
states that the tablets are to be chewed. Requirements for dissolution do not apply to 
liquid-filled soft gelatin capsules. Of the types of apparatus described herein, use the 
one specified in the individual monograph. 


Rotating Basket Method (Apparatus 1) 


The assembly consists of the following: a vessel made up of glass, cylindrical in shape 
with a hemispherical bottom and a nominal capacity of 1000 ml; a cylindrical basket made 
up of a stainless steel mesh of No.40 and attached to a motor through a shaft. A speed- 


www.webofpharma.com 


Absorption of Drugs from Gastrointestinal Tract 49 


reguiator is used to allow the shaft rotational speed to be selected and maintained at the 
rate specified in the individual monograph. The basket holds the sample and rotates in 
the vessel containing the dissolution medium. The entire flask is immersed in a constant 
temperature water bath set at 37° C. 


The rotational speed and the position of the basket must meet specific requirements 
set forth in the current pharmacopoeia. The position and alignment of the stirrer are specified 
in the pharmacopoeia. Dissolution calibration standards are available to make sure that 
these mechanical and operating requirements are met. Individually test 1 tablet of the 
USP Dissolution Calibrator, Non-disintegrating type, according to the operating conditions 
specified. The apparatus is suitable if the results obtained are within the acceptable range 
stated in the certificate for that calibrator in the apparatus tested. 


Paddle Method (Apparatus 2) 


Apparatus 2 is the same as Apparatus 1, except that a paddle formed from a blade and 
a shaft is used as the stirring element. The metallic blade and shaft comprise a single 
entity that may be coated with a suitable inert coating. The paddle is vertically attached 
to a variable-speed motor that rotates at a controlled speed and creates minimum turbulence 
due to stirring. The tablet or capsule is placed into a round-bottomed dissolution flask. 
The dissolution flask is immersed in a water-bath maintained at 37° C. The position and 
alignment of the paddle are specified in the USP. The paddle method is sensitive to tilting 
than the basket method, therefore, improper alignment may drastically affect the dissolution 
results with some drug products. Calibration of the apparatus is carried out using official 
dissolution calibration tablets. 


Methods for Testing Enteric-Coated Products 
The USP provides two methods for testing enteric-coated products. 
Method A 


The apparatus type to be used for testing a particular drug product is specified in the 
drug monograph. The product is first tested in 0.1 N HC! for 2 hours, and then changed 
to pH 6.8 by adding 0.2 M tribasic sodium phosphate. Final adjustment of the pH of dissolution 
medium can be made either with 2N NaOH or HCI if necessary. The test is then generally 
carried for 45 minutes. No significant dissolution should occur in an acidic medium (less 
than 10% for any specific sample unit), and a specified percent of the drug must be released 
in the buffer medium. Specifications are set in the individual drug monographs. 


Method B 


Dissolution is carried out in the apparatus specified in the individual drug monograph (usually 
apparatus 1 or 2). This method involves testing the drug product in 0.1 N HCI for 2 hours, 
and then draining the acidic medium and replacing it with a pH 6.8 buffer medium prepared 
by mixing 0.2 M tribasic sodium phosphate with 0.1N HCI. The temperature of the buffer 
medium must be at 37° C before replacement. The acceptance criteria are the similar 
to those for method A. 
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Interpretation of results of dissolution test 


Unless otherwise specified in the individual monograph, the requirements are met if the 
quantities of an active ingredient dissolved from the units tested confirm to the accompanying 
acceptance table (Table 2.2). Continue testing through the three stages unless the results 
confirm to either S1 or S2. The quantity, Q, is the amount of the dissolved active ingredient 
specified in the individual monograph, expressed as a percentage of the labeled content; 
both 5% and 15% values in the acceptance table are percentages of the labeled content 
so that these values and Q are in the same terms. 


Table 2.2 Dissolution Acceptance Table 


| Stage | Number of Units Tested Acceptance Criteria 
CoO ooo Ea ut release not Tess than 08% 


Average of 12 units (S1+S2) is equal to or 
greater than Q, and no unit is less than 
Q-15% 


Average of 24 units (S1 + S2 + S3) is 
equal to or greater than Q, not more than 
2 units are less than (Q-15%), and no unit 
is less than (Q-25%) 


For many drug products, the passing of Q is set at about 75% in 45 min. and this 
Standard has been proposed for all drug products. Setting the dissolution specification 
for a new drug product requires a thorough consideration of the physical and chemical 
properties of the drug. However, the dissolution test must ensure consistent bioavailability 
of the product. Further the test must provide for variations in manufacturing and testing 
variables so that a product may not be improperly rejected. 


The USP monograph for aspirin tablets contains a dissolution test requiring the use 
of Apparatus 1 at 50 rpm with 500 mi of 0.05M acetate buffer (pH 4.5). Not less than 
about 80% of the aspirin in each tablet must dissolve in 30 minutes. In the case of the 
digoxin tablets dissolution test, Apparatus 1 is specified. The test has to be carried out 
at 120 rpm and the dissolution medium is diluted hydrochloric acid. Not less than 65% 
of the labeled amount of digoxin must dissolve in 60 minutes. Other tablets for which 
a dissolution requirement is provided include niftofurantoin, phenylbutazone, 
hydrochlorthiazide, quinine sulfate and prednisone. 


2.5.3.2.2 Unofficial Methods of Dissolution 
Beaker method 


Levy and Hayes in 1960 described this method. In their original work, they used a 400 
cm? beaker containing 250 cm? of dissolution medium, which was agitated by means of 
a three-bladed polyethylene stirrer with a diameter of 50 mm. The stirrer was immersed 
to a depth of 27 mm into the dissolution medium and rotated at 60 rpm. Tablets were 
placed in the beaker and the test was carried out by collecting samples of the dissolution 
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medium at different time intervals. The samples were filtered and analyzed for drug content. 
The major disadvantages of this method are: 1. a tablet can take different positions on 
the bottom of the beaker, and 2. the formation of ‘mounds’ of particles in different positions 
on the flat bottom of the beaker. 


Flask-Stirrer Method 


This method was developed by Poole in 1969. The apparatus includes a round-bottomed 
flask and a stirring element similar to that used in the beaker method. The use of round- 
bottomed flask helps to avoid the problems that may arise from the formation of ‘mounds’ 
of particles in different positions on the flat bottom of a beaker. 


Rotating Bottle Method 


The equipment consists of a rotating rack that holds bottles in which the products are 
tested for dissolution. The dissolution medium and drug product are placed in the bottles, 
the bottles are capped tightly and rotated in a water-bath maintained at 37° C. At selected 
time intervals the samples are removed from the bottles, filtered through a 40-mesh screen, 
and the samples are assayed for drug content. Equal volumes of a fresh dissolution medium 
are added into the bottles and the dissolution test is continued. A dissolution test with 
a pH 1.2 medium for 1 hour, pH 2.5 medium for the next 1 hour, followed by pH 4.5 medium 
for 1.5 hours, a pH 7.0 medium for 1.5 hours, and pH 7.5 medium for 2 hours are 
recommended to simulate the condition of the GIT. 


This method was suggested in NF-XII and has become less popular. The rotating 
bottle method is used mainly for controlled release beads. For this purpose the dissolution 
media may be changed, such as from gastric juice to artificial intestinal juice. The main 
disadvantage is that this procedure is manual and tedious. 


Flow-Through Dissolution Method 


In this method, a tablet or capsule is placed in dissolution chamber and the dissolution 
medium is pumped through the dissolution chamber. The flow rate is usually maintained 
between 10 and 100 ml/min. Laminar flow of the medium is maintained by using a pulseless 
pump. The dissolution medium may be fresh or recirculated. In the case, where fresh 
dissolution medium is pumped continuously, the dissolution rate at any time point can be 
obtained, whereas in the official basket or paddle methods cumulative dissolution rates 
are obtained. When the dissolution medium is recirculated, cumulative dissolution rates 
are obtained. A major advantage of the flow through method is the easy maintenance 
of a sink condition for dissolution. A large volume of dissolution medium may also be 
used, and the mode of operation is easily adopted to automated equipment. 


Rotating and Static Disc Methods (Intrinsic Dissolution Method) 


In these methods, the drug that is to be assessed for the rate of dissolution is compressed 
into a non-disintegrating disc without excipients. The disc is mounted in a holder so that 
only one face of the disc is exposed to the dissolution medium. The holder and the disc 
are immersed in the dissolution medium and either held in a fixed position in the static 
disc method or rotated at a given speed in the rotating disc method. Samples of dissolution 
medium are collected at predetermined times, filtered and-analyzed for drug content. 
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In both the methods discussed above, the surface area through which the dissolution 
of the drug takes place is assumed to be constant. Therefore, the dissolution rate of 
the drug obtained from these methods is expressed as mg/cm?.min.i.e.the amount of the 
drug dissolved per unit of time and unit of the surface area. This is referred to as intrinsic 
dissolution rate and is different from the dissolution rates estimated by using other methods 
in which the surface area for dissolution is not constant. l 


2.5.3.3 Control of Variables in Dissolution Testing 


There are a number of methods and equipment for the assessment of dissolution rate 
of drug products. There are several equipment and operating variables associated with 
dissolution testing. Even if the discussion is restricted to the official methods, the problems 
of variable control in dissolution testing still exist. Variation of about 25% or more occur 
with the same type of equipment and procedure. The variables may or may not exert 
a profound effect on the dissolution rate of the drug, depending upon the particular dosage 
form. 


The basket method is more sensitive to clogging due to gummy materials. Fine drug 
particles and sticky materials can clog up the basket screen and decrease the dissolution 
rate by creating a local non-sink condition for dissolution. The centering and alignment 
of the paddle is critical in the paddle method. Turbulence can create an increased agitation, 
resulting in a higher dissolution rate. Wobbling and tilting due to worn equipment should 
be avoided. The basket method is relatively insensitive to the tilting effect. Degassing 
of the dissolution medium is to be carried out before testing, since the dissolved gases 
may form air bubbles on the surface of the dosage form and can affect dissolution in both 
the basket and paddle methods. 


For many drug products, the dissolution rates are higher with the paddle method 
than the basket method. Dissolution rates obtained at 50 rpm with the paddle method 
may be comparable with the dissolution rates obtained at 100 rpm with the basket method. 
It was observed that the dissolution rates obtained with the paddle method from theophylline 
tablets of 4.0 kg hardness at 50 rpm were higher than that of basket method. This difference 
in the dissolution rates was not observed when the tablets of 6.8 kg hardness were tested 
at 125 rpm by both the methods. However, the dissolution rates were increased with increase 
in stirring rate. No simple correlation can be made for dissolution results obtained with 
different methods. 


It is generally impossible to make meaningful conclusions about bioavailability from 
dissolution data alone, unless an in-vitro and in-vivo correlation has been well established. 
The use of various testing methods makes it even more difficult to interpret dissolution 
results, because there is no simple correlation among dissolution results obtained with 
various methods. In the absence of in-vivo data, the selection of the dissolution method 
is based on the type of drug product to be tested. For example, a gummy preparation 
may clog up the basket screen, a low-density preparation may be poorly wetted in the 
basket method, and therefore the paddle method is preferred. 
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2.5.3.4 In-vitro and In-vivo Correlations 


Bioavailability testing is a complicated and expensive way to ensure the proper performance 
of drug products. Great economies in time, labor, and money would be possible if in- 
vitro tests could be developed that would predict bioavailability. Such in-vitro tests, if 
available, could be used as quality control tests and compendial standards and would help 
to ensure that every drug product performs as expected. It is not that simple to predict 
the biological performance of a drug product based on in-vitro test results alone. 
Bioavailability problems have arisen with tetracycline tablets, nitrofurantoin tablets and digoxin 
tablets in products that meet all compendial tests and have similar in-vitro performance. 


Several research publications describe a good correlation between the in-vitro 
dissolution profile and bioavailability of the dosage form. Quantitative linear correlations 
between in-vivo data and dissolution data have been found with different brands of 
prolonged released amphetamine, aspirin tablets, different esters of erythromycin and 
different salts of penicillin V. An excellent correlation was observed between the dissolution 
rate of oxazepam tablet and the peak concentration of oxazepam in the blood following 
oral administration of the tablet. In another study, it was found that the percent of salicylamide 
in solution and the mean percentage of the dose excreted in urine were linearly correlated. 


Percent of Drug Dissolved In-vitro versus Peak Plasma Concentration : One of 
the ways of checking the in-vitro and in-vivo correlation is to measure the percent of the 
drug released from different dosage forms and also to estimate the peak plasma 
concentrations achieved by them and then to check the correlation between them. It is 
expected that a poorly formulated dosage form releases a less amount of the drug than 
a well formulated dosage form, and, hence the amount of the drug available for absorption 
is less for poorly formulated dosage form than from a well formulated dosage form. Therefore, 
the peak plasma concentration, which is a function of the amount of the drug available 
for absorption, will be higher for a well formulated drug product than that of a poorly formulated 
dosage form. Several products were tested and a linear correlation was observed between 
the maximum drug concentration in the body and the percent of the drug dissolved 
in-vitro. 


Percent of Drug Dissolved Versus Percent of Drug Absorbed : If the dissolution rate 
is the limiting step in the absorption of a drug, and is absorbed completely after dissolution, 
a linear correlation may be obtained by comparing the percent of the drug absorbed to 
the percent of the drug dissolved. In choosing the dissolution method, one must consider 
the an appropriate dissolution medium and use a dissolution stirring rate so that in-vivo 
dissolution is approximated. 


The drug aspirin is absorbed rapidly and completely from the GIT. Therefore, a change 
in the dissolution rate from a dosage form may be reflected in a change in the amount 
and rate of drug absorption during the period of observation. It should be remembered 
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that differences in the dissolution rates of dosage forms will be reflected in the rate and 
extent of the drug only if the drug absorption is dissolution rate limited. If the rate limiting 
step in the bioavailability of a drug is the rate of absorption of the drug, a change in dissolution 
rate may not be reflected in a change in the rate and extent of drug absorption from the 
dosage forms. 


Dissolution Rate Versus Absorption Rate: Provided that the rate of drug absorption 
is dependent on the rate at which the drug is presented in solution, a linear correlation 
may be expected between the dissolution rate and the absorption rate of the drug. Therefore, 
a faster dissolution rate may result in a faster rate of appearance of the drug in the plasma. 


The absorption rate is usually more difficult to determine than the absorption time. 
Since the absorption rate and absorption time of a drug are inversely correlated, the 
absorption time may be used in correlating the dissolution data to the absorption data. 
In the analysis of in-vitro and in-vivo drug correlation, rapid drug absorption may be 
distinguished from the slower drug absorption by observation of the absorption time for 
the dosage form. The quicker the absorption of the drug the less is the absorption time 
required for the absorption of a certain amount of the drug. The time required for the 
dissolution of a fixed amount of a drug from the dosage form and the time required for 
the absorption of the same amount of drug from the dosage form are correlated. In one 
study, the dissolution time for the drug products were linearly correlated to the absorption 
times for various amounts of aspirin absorbed from three sustainedly released aspirin 
products. The results from this study demonstrate that aspirin was rapidly absorbed and 
was very much dependent on the dissolution rate for absorption. 


Percent of Drug Dissolved Versus Serum Drug Concentration: For drugs whose 
absorption from GIT is dissolution rate limited, a linear correlation may be established between 
the percent of drug dissolved at specified times and the serum drug concentrations at 
corresponding times. In a study on aspirin absorption the percent of drug dissolved in 
the dissolution medium was correlated to the serum concentration of aspirin. The dissolution 
medium was a simulated gastric juice. Because aspirin is rapidly absorbed from the stomach, 
the dissolution of the drug is a rate-limiting step. Therefore, differences in the serum 
concentration of aspirin were observed for the formulations with different dissolution rates. 


Percent of Drug Dissolved Versus Percent of the Dose Excreted in Urine: It has 
been observed that the percent of a drug dissolved and the percent of drug absorbed 
are linearly correlated. There exists a linear correlation between the amount of drug in 
body and the amount of the drug excreted in the urine. Therefore, a linear relation may 
be established between the percent of the drug dissolved and the percent of the dose 
excreted in the urine. In a study, a linear relationship was obtained between the percentage 
of salicylamide dissolved in either 15 or 20 minutes and the mean percentage of the dose 
excreted in the urine. 
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2.5.3.5 Limitations of Dissolution Test 


An established in-vitro and in-vivo correlation holds good for a formulation as long as the 
quality and quantity of ingredients and the manufacturing procedures used in the production 
of the formulation are unchanged. However, if significant formulation changes are made, 
further bioavailability testing might be warranted to re-establish the correlation. Further, 
the changes that occur in a dosage form during storage may severely affect the established 
correlation. It has been reported that a good correlation that was established between 
the in-vitro dissolution rate and the in-vivo availability in humans for fresh methaqualone 
tablets was not holding good for methaqualone tablets subjected for stability testing. 


It should be recognized that the active ingredient in any dosage form may interact 
with the excipient in a given dosage form or some.endogenous material in the gastrointestinal 
tract. Such complexes may not prevent the dissolution of the active ingredient, but could 
conceivably prevent its absorption in-vivo. 


We still lack scientific sophistication to predict the bioavailability characteristics of 
drug products, taking into account such factors as gastrointestinal function, pre-systemic 
metabolism, inter- or intra-subject variability and the mechanisms of drug release from 
the dosage form, from purely physical data such as drug dissolution profiles. However, 
a precise, sensitive, and reproducible dissolution test is a useful tool in the quality control 
process, especially where the relationship between differences in the dissolution rate or 
the extent and differences in bioavailability properties have been established for a particular 
product. The alterations in processing conditions or the drug or raw material properties 
can affect the bioavailability of the product. 


2.6 Metabolic Factors 


A drug must pass sequentially from the gastrointestinal lumen, through the gut wall, and 
through the liver, before entering the general circulation. This sequence is an anatomic 
requirement because blood perfusing virtually all gastrointestinal tissues drains into the 
liver via the hepatic portal vein. Drug loss may occur in the GIT due to the instability 
of the drug in the GIT and/or due to complexation of drug with the components of the 
Gl fluids, food, formulation excipients or other co-administered drugs. In addition, the drug 
may undergo distruction within the walls of the GIT and/or liver. 


2.6.1 Drug Loss in GIT 


Any reaction that competes with the absorption of a drug may reduce the oral bioavailability 
of a drug. Table.2.3 lists various reactions that can occur within the GIT. Reactions can 
be both enzymatic and non-enzymatic. Acid hydrolysis is a common non-enzymatic reaction. 
Enzymes in the intestinal epithelium and within the intestinal microflora, which normally 
reside in the large bowel, metabolize some drugs. The reaction products are often inactive 
or less potent than the parent molecule. 
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The complexities that occur in-vivo preclude accurate prediction of the contribution 
of a competing reaction to decreased bioavailability. 


Table 2.3 Drugs affected by reactions that occur in GIT. 


| Reaction | -Drug Remarks o 


Complexation Tetracycline Unabsorbed insoluble complexes with polyvalent 
metal ions, e.g. Ca*?, Al*®, Fe*3 


Conjugation Sulfoconjugation | Isoproterenol Loss of activity 
Glucuronidation Salicylamide Loss of activity 
Decarboxylation Levodopa Loss of activity 


Hydrolysis Acid 


Penicillin G Loss of activity 
Erythromycin Loss of activity 
Digoxin Product (digitoxides) have variable activity 3 


Enzymatic Aspirin Salicylic acid formed, active anti-inflammatory 
compound 

Active ampicillin formed: pivampicillin (ester) is 
inactive 


Loss of activity 


Pivampicillin 


Insulin 


Oxidation 
Reduction 


Cyclosporine 
Sulfasalazine 


Loss of activity 
Intended for local (intestinal) anti-inflammatory action; 
parent drug may have some activity; product 
5-aminosalicylic acid is active 


Adsorption Digitoxin Adsorption of the drug to cholestyramine leads to a 


poor bioavailability. 


2.6.2 Drug Loss in Liver 


All drugs that are absorbed from the stomach, small intestine and colon pass into the hepatic 
portal system and are presented to the liver before reaching the systemic circulation. The 
liver is the primary site of drug metabolism. Hence, this first pass of an absorbed drug 
through the liver may result in extensive metabolism of the drug and a significant proportion 
of the absorbed dose of intact drug may never reach the systemic circulation. This 
phenomenon is known as the first pass effect and results in a decrease in bioavailability 
of those drugs which are rapidly metabolized by the liver. 


Drugs that show a substantial first-pass effect due to hepatic elimination are listed 
in Table 2.4. Apart from this feature, they have little in common. They are of diverse 
chemical structures, possess different pharmacologic activities, and are metabolized via 
a number of pathways. When the metabolite(s) formed during the first pass through the 
liver, they are less potent than the parent drug, and the oral dose required is larger than 
the I.V. or I.M. dose to achieve the same therapeutic effect. This occurs for many drugs 
listed in Table 2.4. In the case of isoproterenol, hepatic extraction is so high that it is 
impossible to achieve the therapeutic level in the blood by the oral route. Pharmaceutical 
manipulations are insufficient to improve the situation. It is better to administer the drug 
by the parentral route or to discard the drug in favor of another drug. 
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Table 2.4 Drugs that Exhibit Low Oral Bioavailability Due to First-Pass Effect 


Alprenolol Hydrolazine Neostigmine 
Amitriptyline Imipramine Nicardipine 
Chlormethiazole Isoproterenol Nicotine 
Chlorpromazine Isosorbide dinitrate Nifedipine 
Cytarabine Ketamine Nitroglycerine 
Desipramine Labetolol Papaverine 
Dextropropoxyphene Lidocaine Phenacetin 
Dihydroergotamine Lorcainide Pentazocine 
Diltiazem , Mercaptopurine Pentoxifyline 
Doxorubin Methylphenidate Propranolol 
Encainide Metoprolol Scopalamine 
Estradiol Morphine Testosterone 


5-Fluorouracil Nalbuphine Verapami! 


Avoiding the first pass through the liver probably explains the most of the activity 
of nitroglycerin administered sublingually for an acute anginal attack. Blood perfusing the 
buccal cavity bypasses the liver and enters directly into the superior venacava. Similarly, 
the rectal route has a definite advantage over the oral route for drugs destroyed by gastric 
acidity or by enzymes in the intestinal wall and microflora. Potentially, the rectal route 
may also partially reduce the first-pass hepatic loss. Part of the rectal blood supply, particularly 
the inferior and middie hemorrhoidal veins, bypasses the hepatic portal circulation and 
dumps directly into the inferior venacava. 


2.7 Complicated Factors 
2.7.1 Drug-Food Interactions 


In general, gastrointestinal absorption is favored by an empty stomach. However, some 
drugs have to be given with or after a meal in order to avoid gastric irritation or to reduce 
the side effects. Food will reduce the rate and/or extent of absorption by virtue of reduced 
gastric emptying rate, which is particularly important for the drugs unstable in gastric fluids 
and for dosage forms designed to release drug slowly. In addition, food provides a rather 
viscous environment which will reduce the rate of drug dissolution and drug diffusion to 
the absorbing membrane. Drugs may also bind to food particles or react with the 
gastrointestinal fluids secreted in response to the presence of food. 


Examples of drug-food interaction include digoxin, acetaminophen, phenobarbital 
sodium, various sulphonamides and cephalexin, among others. Administration of certain 
antibiotics after a meal frequently results in a significant decrease in both the rate and 
the extent of absorption. This has been observed with certain tetracyclines and penicillins, 
lincomycin and rifampicin. 
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The absorption of a few drugs is actually promoted when administered after a meal. 
For exampie, the absorption of riboflavin is greater when administered after a meal. The 
absorption of griseofulvin is doubled when administered after a meal containing a high 
fat content. The bioavailability of chlorthiazide is increased when taken immediately following 
a meal compared to that found in fasting subjects. 


Food may influence drug bioavailability by means of the following mechanisms. 


1. Increased Viscosity of Gastrointestinal Contents: The presence of food in the 
gastrointestinal tract will provide a viscous environment which may result in a reduction 
in the rate of dissolution in the gastrointestinal contents. In addition, the rate of diffusion 
of a drug in solution from the lumen to the absorbing surface may be reduced by an 
increase in viscosity. Both of these effects will tend to decrease the bioavailability of 
the drug. 


2. Alteration in the Rate of Gastric Emptying: For instance, hot solid meais containing 
high amounts of fat tend to decrease the gastric emptying rate and thereby delay the 
on set of drug action. 


3. Stimulation of Gastrointestinal Secretions: Food stimulates the secretions from 
the GIT. The gastric secretions (hydrochloric acid and pepsin) and intestinal secretions 
(bile salts, bile acids, enzymes etc.,) influence the drug stability and the absorption rate. 
Degradation of drugs takes place in the GIT due to chemical hydrolysis and enzymatic 
metabolism and results in a reduced bioavailabilty of such drugs. Bile salts are surface 
active agents and can increase the absorption of certain drugs by increasing their rate 
of dissolution in the GI fluids (e.g. griseofulvin). However, bile salts have been shown 
to form insoluble, non-absorbable complexes with such drugs as neomycin, kanamycin 
and nystatin. 


4. Competitive Inhibition of Drug Absorption by Food Components: The specialized 
absorption mechanisms are developed for the absorption of nutrients. Drugs which 
show a structural similarity with these nutrients are also absorbed by the same mechanism. 
Therefore, a competitive inhibition of drug absorption may be observed in the presence 
of nutrients. One example appears to be levodopa whose absorption may be inhibited 
by certain amino acids resulting from the break down of the ingested proteins. 


5. Complexation of Drugs With Dietary Components: Tetracyclines form insoluble 
and non-absorbable complexes with calcium ions present in the diet. This is the reason 
for the reduced absorption of tetracyclines when administered along with milk. Foods 
containing a high iron content also reduce the bioavailability of tetracylines. In general, 
reduction in bioavailability due to complexation is observed only when drug forms an 
irreversible or un-absorbable complexes with the dietary components. 


6. Blood Flow to the Liver: Blood flow to the GIT and liver increases shortly after a 
meal. This increased blood flow to the liver will increase the rate at which drugs are 
presented to the liver. The metabolism of some drugs (e.g. propranolol, hydralazine, 
dextropropoxyphene) is sensitive to their rate of presentation to the liver. The greater 
the rate of presentation of such drugs to the liver the larger the fraction of the drug 
that escapes first-pass metabolism. This is because the enzyme systems responsible 
for their metabolism become saturated at that rate of presentation of drugs to the liver. 
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2.7.2 Disease States 


Gastrointestinal disorders and disease states are likely to influence drug absorption. Gastric 
fluid pH is elevated in patients with gastric cancer and achlorhydria. Alteration in drug 
absorption due to changes in the gut pH will most likely to be mediated by its influence 
on the dissolution rate. Aspirin appeared to be better absorbed in achlorhydric subjects 
than in normal subjects. 


Changes in gastric emptying rate are expected to influence the rate and possibly 
the extent of absorption, for the reasons discussed previously. Gastric emptying rate is 
reversibly reduced soon after gastric surgery, as a result of pyloric stenosis and in the 
presence of various diseases. Riboflavin absorption is increased in hypothyroidism and 
reduced in hyperthyroidism. 


z Diarrhoeal conditions may decrease drug absorption as a result of reduced intestinal 
residence time. The absorption of several drugs is reduced in response to lactose- and 
saline-induced diarrhoea. 


There are various malabsorpiton syndromes known to influence the absorption of 
certain nutrients. Studies concerned with drug absorption in patients with malabsorption 
have been limited, and the results of such studies generally have not been remarkable. 
Reduced absorption of digoxin in patients with sprue, malabsorption, and pancreatic 
insufficiency has been reported. 


As most drugs are best absorbed from the small intestine, any surgical procedure 
that removes a substantial portion of the small intestine is likely to influence drug absorption. 
A strong correlation was noted between the length of jejunum remaining in continuity and 
the area under the digoxin concentration in serum versus time curve. 


if there is a reduction in bioavailability of a drug due to any of the pathological conditions 
or disease states cited earlier, a practical approach to solve this problem is to optimize 
the absorption of the drug from the GIT. To do this, a practical approach might well be 
to administer the drug in a form readily available for absorption. In most cases, if possible, 
administration of a drug in the form or solution will represent the best way to achieve maximal 
absorption, as this will eliminate the time needed for drug dissolution of a solid oral dosage 
form in the gut. When absorption can not be sufficiently improved by use of a drug solution, 
alternative routes of administration must be considered (e.g., an intra- venous or an intra- 
muscular route). 


2.7.3 Age 


The majority of data accumulated in the literature concerned with drug absorption is obtained 
from studies conducted in young adults. Information about drug absorption in subjects 
of two extremes of age spectrum (i.e. pediatric and geriatric populations) is very less. 
For a variety of reasons one would expect the absorption process in the later groups to 
be different from that in young adults. Unfortunately, at present there is too little information 
to present valid general statements. 
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Clinical experiments can not be carried out in the pediatric population (neonates, 
infants and children) because of ethical considerations. A further complication is the rapid 
development of organ functions, which is likely to influence results even over a relatively 
short experimental period (e.g. 2 to 4 weeks), especially in neonates and infants. 


Acid secretion in the stomach is related to the development of the gastric mucosa, 
therefore, gastric fluid is less acidic in the new born than in adults. This condition appears 
to last for some time, as pH values similar to the adult are not reached until after about 
2 years. The higher gastric fluid pH and smaller gut fluid volume may influence the dissolution 
rate and the stability of acid-unstable drugs. 


The gastric emptying rate in neonates appears to be slow at least in first 6 months 
when compared to adults. Accordingly, the absorption of riboflavin was found to be steady 
in neonates and fast in infants. Intestinal transit tend to be irregular and may be modified 
by the type of food ingested and the feeding pattern. 


Intestinal surface area and total blood flow to the GIT are smaller pediatrics than 
in adults and may influence the efficiency of absorption. The drug absorption from 
suppositories may be incomplete and irregular in young because of irregular bowel 
movements. It is always better to use drugs in a solution form rather than a solid dosage 
form for a better absorption in the young. 


There is a need to conduct experiments in elderly population to understand drug 
disposition, because of a number of important and unique characteristics of elderly population 
(e.g., they consume more drugs per capita, they suffer from more diseases and physical 
impairments, and their percentage of the population is increasing, etc..,). 


There are substantial changes in a variety of physiologic functions in the elderly 
which may influence drug absorption, including a greater incidence of achlorhydria, altered 
gastric emptying, reduced gut blood flow, and a smaller intestinal surface area. There 
are, in addition, other factors that may influence absorption, such as a greater incidence 
of GI diseases, altered nutritional intake and eating habits, and ingestion of a drug which 
may affect the absorption of other drugs. Although data are still somewhat limited, the 
general impression is that the rate of absorption is frequently reduced, while there is little 
if any change in the extent of absorption. 


2.8 Formulation Factors 


Physiological factors and physicochemical properties of a drug itself have shown to influence 
the rate and/or the extent of drug absorption from GIT. Since drugs are administered 
in a suitable dosage form, the components of the dosage form and production methodologies 
can also influence the bioavailability of a drug. Drugs are almost never administered alone 
to a patient but in the form of dosage forms which have been carefully designed to deliver 
the drug to the biological system so as to achieve desired therapeutic effect. Modern 
dosage form is a drug delivery system whose selection is as important and critical as the 
selection of the drug itself for the treatment of a disease. The difference in the rate or 
extent of absorption of a drug from one formulation to another may range from 2 to 5- 
fold. A difference of more than 60-fold has been observed in the absorption rate of 
spiranolactone from the worst formulation to the best formulation. 
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2.8.1 Influence of Excipients 


Excipients are physiologically inert substances that are included in a formulation along 
with the drug to facilitate the preparation, patient acceptability, drug stability and functioning 
of the dosage form as a drug delivery system. Although excipients are considered to be 
inert, they can potentially influence the rate and/or extent of absorption of drugs. Certain 
excipients reduce the bioavailability of some drugs by forming insoluble, non-absorbable 
drug-excipient complexes. For example, tetracyclines and dicalcium phosphate, 
amphetamine and sodium carboxymethylcellulose, and phenobarbitone and polyethylene 
glycol 4000 complexes are water-insoluble, unabsorbable, resulting from the drug-excipient 
interaction. 


Diluents 


An outbreak of phenytoin intoxication occurred in Australia when the diluent lactose was 
used in a capsule dosage form of sodium phenytoin instead of calcium sulfate dihydrate. 
This was due to the fact that calcium sulfate dihydrate formed the calcium-phenytoin complex 
and reduced the GI absorption. Therefore, when lactose was used as a diluent, the entire 
dose of sodium phenytoin was available for absorption. This lead to very high levels of 
phenytoin in plasma that exceeded the maximum safe levels and produced toxic side effects. 


Surfactants 


Surfactants are often employed as wetting agents, suspension stabilizers, emulsifying agents 
or solubulizing agents in dosage forms. Surfactants are found to be capable of either 
increasing, decreasing or exerting no effect on the absorption of drugs across the biological 
membrane. Furthermore, they might also be able to produce significant changes in the 
biological activity of drugs by perhaps exerting an influence on drug metabolizing enzymes 
or on the binding of drugs to the receptor proteins. 


it is interesting to note that surfactants increases the absorption of a poorly water 
soluble drug at lower concentration, but decrease at a higher concentrations. At lower 
concentrations they may improve the dissolution rate of the drug and also disrupt the integrity 
and function of a membrane. This membrane-disrupting effect of surfactants increase 
the membrane penetration of the drug. Inhibition of absorption of poorly water soluble 
drugs by surfactants at higher concentrations is due to the micellar solubulization of drugs. 
Micellar solubulization of drugs causes a reduction in ‘free’ drug concentration in the Gl 
fluids leading to a decreased rate and/or extent of drug absorption. 


Polysorbate 80 enhances the absorption of phenacetin from a suspension dosage 
form by preventing aggregation and thus increasing the effective surface area and the 
dissolution rate of the drug particles in the Gi fluids. 


Surfactants could influence drug absorption from the GIT by altering the gastric 
residence time of a drug by exerting a physiological action. Therefore, surfactants can 
influence the absorption of a drug by variety of mechanisms of which some may enhance 
drug absorption while others may reduce it. The observed effect on drug absorption will 
depend on which of the different actions is the over-riding one. The ability of a surfactant 
to influence drug absorption will also depend on the physicochemical characteristics and 
concentration of the surfactant, the nature of the drug and the type of biological membrane 
involved. 
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Vscosity-Enhancers 


Viscosity-enhancing agents are often employed in the formulation of liquid orals to control 
such properties as palatability, ease of pouring and in the case of suspensions, the rate 
of sedimentation of the dispersed particles. 


Viscosity-enhancers can influence drug absorption from the GIT by several 
mechanisms. Any complex formation between a drug and a hydrophilic polymer could reduce 
the concentration of drug in the solution which is available for drug absorption. The oral 
administration of viscous solutions or suspensions may produce an increase in viscosity 
of the GI fluids. Such an increase in viscosity could lead to the following general effects: 


1. a decrease in the gastric emptying rate, i.e. an increase in gastric residence time, 
2. a decrease in intestinal motility, i.e. an increase in the intestinal transit time, 

3. a decrease in dissolution rate of the drug, and 

4. a decrease in the rate of movement of drug molecules to the absorbing membrane. 


Effects 1 and 2 may contribute to increased absorption of a drug. An extended gastric 
residence time, or a slower intestinal transit time produced by an increase in viscosity, 
would allow a longer period in which drug dissolution could occur in the GIT and this could 
lead to an increase in the extent of absorption of a drug from a solid dosage form. The 
net effect of the increased viscosity on the absorption of a particular drug from the GIT 
will thus depend on whether or not the absorption-enhancing effects outweigh the absorption- 
reducing effects of increased viscosity. Normally, effect 3 would not be applicable to solution 
dosage forms unless the dilution of the administered solution in the GI fluids causes a 
precipitation of the drug. In general, effects 1,2 and 4 influence the absorption of drugs 
from viscous solutions. 


In the case of suspensions containing drugs whose bioavailabilities are dissolution- 
rate limited, an increase in viscosity could also lead to a decrease in the rate of dissolution 
of the drug in GI fluids. The reduction in bioavailability of nitrofurantoin from aqueous 
suspensions containing methylcellulose is a net result of the effect 1,2,3 and 4. In addition 
nitrofurantoin forms complex with methylcellulose leading to a further reduction in the 
absorption of nitrofurantoin. 


2.8.2 Role of the Dosage Form 


In addition to the amount and physicochemical properties of each excipient included in 
a formulation, the type of dosage form and its method of preparation or manufacture can 
influence bioavailability. In general, the bioavailability of a drug tends to decrease in the 
following order: solution> hard gelatin capsule> uncoated tablet> coated tablet. Although 
this ranking of the types of oral dosage forms is not universal, it does provide a useful 
guidance. 
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Solutions 


With rare exceptions, drugs are absorbed more rapidly when given as a solution than in 
any other oral dosage form. Formulation of a drug as a solution normally eliminates the 
in-vivo dissolution step and presents the drug in the most readily available form for absorption. 
The rate-limiting step in the absorption of a drug from a solution dosage form is likely 
to be gastric emptying, particularly when the drug is given after a meal. 


Dilution of an aqueous solution of a poorly soluble drug in the gastric fluids can 
result in precipitation of the drug because of various reasons. This is particularly true 
when the aqueous solubility of the drug has been increased by means of formulation 
techniques or by using the soluble salt form of the drug. 


When an acidic drug is given in solution in the form of a salt, there is the possibility 
of precipitation in the gastric fluid. However, in most cases, the extremely fine nature of 
the precipitate permits a more rapid rate of dissolution. However, with highly water-insoluble 
drugs, like phenytoin or warfarin, this may not be the case; one may find that the absorption 
rate or the extent of absorption from a well formulated suspension of the free acid is greater 
than from a solution of the sodium salt. 


Most of the times, solutions of poorly water-soluble drugs are prepared by adding 
co-solvents, like alcohol or propylene glycol, complexing agents that form water-soluble 
complexes with the drug, or surfactants in a sufficient quantity to exceed the critical micelle 
concentration and to effect solubulization. After administration, dilution of co-solvents, 
dissociation of soluble complexes or break down of micelles in gastrointestinal fluids may 
result in the precipitation of the drug. Experimental evidence suggests that in most cases 
re-dissolution of precipitate takes place rapidly. 


As discussed earlier, the viscosity of a solution dosage form, particularly if a viscosity- 
enhancing agent has been included, influences the bioavailability of the drug. 


Suspensions 


Suspension is a useful dosage form for administering an insoluble or poorly water-soluble 
drug. A well formulated suspension is regarded as being an efficient oral drug delivery 
system, second in efficiency only to the solution dosage form. Usually, the absorption 
of a drug from a suspension is dissolution-rate limited. Drug dissolution from a suspension 
is rapid because of a large effective surface area, presented to the GI fluids at the site 
of absorption. In contrast to hard gelatin capsule and tablet dosage forms, dissolution 
of all drug particles commences immediately on dilution of the dose of suspension in the 
GI fluids. A drug contained in a tablet or a hard gelatin capsule may ultimately achieve 
the same state of dispersion in the Gt fluids, but only after a time lag. 


Several studies have demonstrated the superior bioavailability characteristics of 
suspensions compared to those of solid dosage forms. The rates of absorption of 
trimethoprim and sulfamethoxazole were found to be higher from suspension than those 
obtained form the capsule or tablet dosage forms of these drug combinations. However, 
there were no significant differences between preparations in the extent of absorption of 
the either drug. Similar observations have been reported with penicillin V and phencbarbitol. 
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Factors associated with the formulation of aqueous suspension dosage forms which 
can influence the bioavailability of drugs from the GIT include: 


. the particle size and effective surface area of the dispersed drug, 

. the crystal form of the drug, 

. formation of a non-absorbable complex between the drug and its excipient, 
. the inclusion of a surface active agent in the formulation, and 

. the viscosity of the suspension. 


Information concerning the potential influence of the above factors on the rate and 
extent of absorption of a drug is presented in earlier sections of this chapter. 
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Capsules 


The capsule dosage form has the potential to be an efficient drug delivery system. Two 
types of gelatin capsules are used for the encapsulation of drugs with suitable excipients. 


Soft Gelatin Capsules 


The soft elastic capsule has a gelatin shell somewhat thicker than that of hard gelatin 
capsules, but the shell is plasticized by the addition of glycerin, sorbitol or a similar polyol. 
Unlike the hard gelatin capsules, the soft gelatin capsule may be used to contain aqueous 
solutions of a drug, or drugs that are liquids (e.g. the anti-tussives drug, benzonatate) 
or semi-solids (e.g. certain vitamins). Drugs encapsulated in soft gelatin capsules are 
dissolved or dispersed in a non-toxic, non-aqueous vehicle which may be water miscible 
or water immiscible. Generally, vegetable oils represent the water-immiscible class, whilst 
polyethylene glycols and certain non-ionic surfactants (e.g. polysorbate 80) represent water 
miscible class. 


After oral administration, the soft gelatin shell dissolves and splits in the Gl fluids 
and the contents of the capsule come in contact with the GI fluids. if the vehicle used 
in the formulation is water-miscible vehicle, it dissolves and/or disperses in GI fluids and 
liberates the drug. The liberated drug may est in the GI fluids as a solution or as fine 
particles depending upon the solubility of the drug in the GI fluids. The drug is thus liberated 
in a form which is conducive to rapid absorption. Many poorly water-soluble drugs exhibited 
greater bioavailabilities when administered in water-miscible vehicles in a soft gelatin capsule 
than in hard gelatin capsules or tablets. 


In the case of soft gelatin capsule containing drugs in solution or suspension in a 
water-immiscible vehicles, release of the contents will almost certainly be followed by 
dispersion in the GI fluids. Emulsifiers are included in the formulation to aid the dispersion 
process. Bile secreted into the intestine also helps the dispersion process. If the drug 
is in a solution form in a digestible oil, the drug may be absorbed along with the oil by 
fat absorption process. If the drug is less oil soluble or is dissolved in a non-digestible 
oil, partitioning of the drug from the oil phase into the GI fluids will be the rate-limiting 
step in drug absorption. Inclusion of emulsifying agents probably increase the rate of 
partitioning of the drug from the oil into GI fluids by increasing the surface area of contact 
between oil and GI fluids. 
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If a drug is Suspended in an oily vehicle, drug release into the GI fluids involves 
dissolution of the drug in oily vehicle and its partition across the oil/water interface. Another 
possibility by which drug release could take place from such systems is that the solid drug 
particles may travel across the oil/aqueous interface, enter the G! fluids and undergo 
dissolution. 


Factors that can influence the bioavailability of drugs from a soft gelatin capsule 
formulation include: 


1. Type of vehicle used i.e. water-miscible or water-immiscible and whether the vehicle 
is a digestible oil or a non-digestible oil. 


2. Form of the drug in the vehicle i.e. whether the drug is in solution or in suspension. 
3. Particle size of the drug in case the drug is suspended in the vehicle. 


4. Inclusion of a surface active agent either as a wetting agent, as an emulsifying agent 
or as a solubulizing agent. 


5. Inclusion of a suspending agent which can increase the viscosity of the formulation. 
6. Inclusion of other additives which may form non-absorbable complexes with the drug. 


Hard Gelatin Capsules 


Hard gelatin capsules contain drugs in powder form or as a compressed powder mass 
with appropriate excipients. In general, one can expect that a well formulated hard gelatin 
capsule dosage form will exhibit bioavailability better than or at least comparable to the 
bioavailability of the same drug from a compressed tablet. Drug particles in a capsule 
are not subjected to high compression forces that tend to compact the powder and to 
reduce the effective surface area. Therefore, a well formulated gelatin capsule is one 
which provides a rapidly dissolving gelatin shell and a quickly dispersing capsulated mass 
so that fine drug particles come in contact with the GI fluids for dissolution. However, the 
formulation of a drug in a finely divided form surrounded by a water-soluble shell does 
not guarantee a better bioavailability. The net dissolution rate of a drug observed from 
a capsule results from the rates of different processes such as: 

1. the dissolution rate of the hard gelatin shell in GI fluids, 

2. the rate of penetration of Gt fluids into the encapsulated mass, 

3. the rate at which the encapsulated mass disperses in the GI fluids, and 

4. the rate of dissolution of the dispersed drug particles in the GI fluids. 

Diluents are necessary in a capsule dosage form, particularly when the drug is 
hydrophobic. The diluent serves to facilitate the rate of penetration of GI fluids into an 
encapsulated mass, disperse the drug particles, minimizes aggregation and the maximize 
effective surface area and the dissolution rate. However, the diluent should not exhibit 
a tendency to adsorb or complex with the drug since either can impair absorption from 
the GIT. For example, when dicaicium phosphate is used as a diluent in the formulation 
of a tetracycline capsule it forms, an insoluble and unabsorbable complex and reduces 
the bioavailability of tetracycline. 
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The incorporation of a wetting agent in the formulation may improve the dissolution 
rate of a poorly water-soluble drug by increasing the area of contact between the drug 
particles and the GI fluids. Another way of improving the wetting characteristics of poorly 
water-soluble drugs includes treating the drug with a solution of 2 hydrophilic potymer euci 
as methylcellulose. Capsules containing phenytoin treated with methylcellulose show a 
greater dissolution rate and absorption rate than the capsules containing an untreated 
drug. 

Excipients used in the formulation may influence the dissolution rate of drug from 
capsules. Magnesium stearate is used as a lubricant for the capsule filling operation. 
Because of its hydrophobic nature, magnesium stearate often retards the penetration of 
the GI fluids into the encapsulated mass after the dissolution of the gelatin shell. However, 
this problem can be solved by the inclusion of a surfactant as a wetting agent and a hydrophilic 
diluent in the formulation. 


Both the formulation and the type and conditions of the capsule filling process can 
affect the packing density and liquid permeability of the encapsulated mass. If the 
encapsulated mass packing density is high (i.e. decrease in porosity), the liquid penetration 
into the encapsulated mass and the effective surface area for dissciution of drug particles 
decreases significantly if the drug is hydrophobic in nature. 


Formulation factors which can influence the bioavailabilities af drugs from any hard 
gelatin capsule include: 
1. crystal form of the drug, 
particle size of the drug and the effective surface area available for dissolution, 
use of salt form of a drug in place of a parent drug (weak acid or weak base), 
the types and quantities of various excipients, 
drug-excipient interactions (e.g. adsorption, complexation), 
chemical stability of the drug in the dosage form and in the GIT, 
the type and conditions of the filling process, 
the properties of the capsule shell and its interaction with the formulation, 
the packing density of encapsulated mass, and 
10. packaging and storage conditions. 


Tablets 


In tablet manufacture, the drug and the excipients are mixed, granulated and punched 
into a tablet or the powder mix containing directly compressible vehicle is punched directly 
into a tablet. In either case the effective surface area of the drug particles reduces 
significantly due to the granulation and compression processes. After oral administration, 
a tablet undergoes disintegration and deaggregation in the GI fluids to regenerate well 
dispersed primary drug particles. Most of the bioavailability problems encountered with 
a tabiet dosage form are due to the difficulty in regenerating a well-dispersed drug particles 
in the GI fluids and/or slow dissolution rate of the drug from the tablet dosage form. 


> 
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Formulation ingredients and the manufacturing procedures followed in the production 
of tablets influence the bioavailability of a drug. For example, inclusion of a suitable 
disintegrant before and after the granulation improves the disintegration, where as use 
of higher amounts of a binder leads to the production of hard granules that are difficult 
to disintegrate. Use of high compressional forces during the compaction of the granules 
or the powder mix produces tablets with greater hardness and prevents easy breakdown 
of the tablet leading to a decreased disavailability. 


Coated tablets, tabieis developed for special purposes such as sustained release 
or timed-release may show a different absorption pattern depending upon the formulation. 
For example, enteric coated, tablets specifically release the drug in the small intestine. 


Faciors that influence the biological performance of the uncoated tablet dosage form 
includes: 


1. the physicochemical properties of the drug, 

2. the tabiet excipients used in the formulation. 

3. the method of manufacture used, 

4. the type of tablet press used and the compressional force applied, and 
5. the depending and storage conditions. 


Absorption of Drugs from Extravascular Sites Other Than Per Oral 


Even though a majority of drugs are administered by the oral route, several drugs are 
administered by other non-invasive routes such as bucoal rectal, intramuscular etc., for 
one or more of the following reasons 

1. To prevent drug degradation in the GIT due to unfavorable pH and/or enzymes. 
. To prevent gut metabolism of drugs 
. To prevent presystemic hepatic metabolism of drugs. 
. To improve the rate and extent of drug absorption (i.e. Biovailability). 
. To deliver the drugs that are not absorbed through G! mucosa (e.g. proteins). 
. To achieve a sustained action (e.g. intramuscular injection of penicillin). 
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it is important to note that the barriers involved in drug absorption from the site of 
these routes are similar in nature to that found in GI membrane. Therefore, a passive 
diffusion of the drug across these barriers is the basic absorption mechanism involved 
form these sites. 


Sublingual/Buccal Administration 


Sublingual Route: Generally, tablets are administered by the sublingual and buccal route. 
The dosage form is placed beneath the tongue. 


Buccal route: The dosage form is placed between the cheek and teeth or in the cheek 
pouch. 


Drugs administered by this route are supposed to produce systemic drug effects, 
and consequently, they must have good absorption from the oral mucosa. The oral mucosal 
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regions are highly vascularized therefore a rapid on set of action is observed from these 
routes. For example, the anti-anginal drug nitroglycerin is administered by the sublingual 
route for a rapid set of action. The blood that perfuses oral regions drains directly into 
the general circulation. Thus, drug absorption from the oral cavity avoids the first-pass 
metabolism. Drugs destroyed in GIT, metabolized in gut wall and/or liver can be administered 
by these routes. Further, peptides and proteins and other high molecular weight drugs 
that are not absorbed easily from the GIT may be administered by these routes. Examples 
of drugs administered by these routes include antihypertensives like nefidipine, steroids 
like progesterone and methyltestosterone, peptides like oxytocin, and analgesics like 
morphine. 


The important points to be considered in developing dosage forms for sublingual 
and buccal routes of administration are: 


1. The drugs with palatable organoleptic properties such as taste and odor should be 
used. 


2. The therapeutic dose of the drug should be low. 


3. The drug selected should dissolve rapidly in saliva and eno have a high saturation 
solubility in the saliva. 


4. The drug must have good absorption properties through the oral mucosa. 


5. The drug and excipient used in the formulation should not stimulate salivation. This 
reduces the fraction of the drug that is swallowed rather than being absorbed through 
the oral mucosa. 


The absorption of drugs from the oral cavity is generally by passive diffusion. The 
physiological factors such as saiivation, salivary pH, temperature and pathological conditions 
in the mouth influence the drug absorption. 


Rectal Administration 


The psychological feelings of patients made this route unpopular. However, this route 
of administration is useful for children, old people and unconscious patients. Drugs may 
be administered by this route for either local or systemic effects. A wide variety of drugs 
are administered by this route for systemic actions, e.g., analgesics, anti-spasmodics, 
sedatives, tranquilizers, and anti-bacterial agents. 


Factors Affecting Drug Absorption from Rectal Route 
Physiological Factors 


1. Blood Circulation to Rectum : Three veins collect the blood from lower part of the 
colon and rectum. They are the upper, middle, and lower hemorrhoidal the veins. The 
lower hemorrhoidal veins surrounding the rectum enter into the inferior vana cava and 
thus bypass the liver. The upper hemorrhoidal vein does connect with the portal veins 
leading to the liver. More than half (50- 70%) of rectally administered drugs were reported 
to be absorbed directly into the general circulation. The lymphatic circulation also 
helps in absorbing a rectally administered drug in diverting the absorbed drug from 
the liver. 
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2. pH and Lack of Buffering Capacity of the Rectal Fluids : The pH of the rectal mucosa 
plays a significant rate-controlling role in drug absorption Since rectal fluids are 
essentially neutral in pH (pH = 7) and have no effective buffer capacity, the dissolving 
drugs determine the pH existing in the anorectal area. Hence. the pH of the rectal 
fluids is altered by dissolving the drug and/or the excipients used in the formulation. 
Studies on rectal absorption of drugs reveal that the rectal mucosa is preferentially 
permeable for unionized drugs. 


3. Rectal Contents : One of the rate-limiting steps in drug absorption is the diffusion 
of the drug to the site on the rectal mucosa at which absorption occurs. This diffusivity 
is influenced not only by the nature of dosage form but also by the physiological state 
of the colon, that is, the amount and chemical nature of the fluids and solids (fecal 
matter) present. 


The state of the anorectal membrane also plays a role in drug absorption. This 
membrane wall is covered with a relatively continuous mucous blanket, which can act as 
a mechanical barrier for a free passage of the drug through the pore space where absorption 
occurs. 


Physicochemical Characteristics of the Drug 


1. Lipid-Water Partition Coefficient: Drugs having high lipid-water partition coefficients 
exhibit higher rates of absorption through rectal mucosa which acts as a lipoidal 
membrane. Therefore, unionized forms of drugs are better absorbed than their 
corresponding ionized forms. 


2. Particle Size: In general, the smaller the particle size of a drug, the more readily the 
dissolution of the drug particle and the greater the chance for rapid absorotion. 


Intravaginal Administration 


The vagina is a muscular tube extending between the uterus and the external genitalia 
with an average length of 7.5 to 9 cm. The vagina normally contains resident bacteria 
supported by the nutrients found in the cervical mucus. As a result of the metabolic 
activities, the normal pH of the vagina ranges between 3.5 and 4.5, and this acid environment 
restricts the growth of many pathogenic organisms. 


The vaginal walls contain a network of biood vessels and layers of smooth muscle, 
and the lining is moistened by the secretions of the cervical glands and by the movement 
of water across the permeable epithelium. Intravaginal route was originally used for the 
administration of drugs to act locally in the treatment of bacterial or fungal infections or 
prevent contraception. Now, this route is also used for the systemic delivery of many drugs 
including contraceptives and steroids. Factors that influence the absorption of drugs from 
the vagina include the pH of the vaginal fluids, micro-organisms that normally reside in 
the vagina and vaginal secretions. 


intraoccular Administration 


Drugs are commonly applied to the eye for a localized effect of the medication on the 
surface of the eye or on its interior. Most frequently sterile aqueous solutions are employed; 
however, non-aqueous solutions, suspensions, and ophthalmic ointments are also commonly 
used. Recently, ophthalmic inserts impregnated with a drug, have been developed to provide 
for a continuous release of drugs. 
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The formulations are administered in the conjunctival sac. The capacity cf this sac 
is small, hence, small volumes in concentrated furm are administered for an effective therapy. 
For a local action on the surface of the eye, the drug should dissolve in the lacrimal fluid. 
The lacrimal fluid drains continuously from the top of the eye lid to the bottom and is collected 
into the lacrimal duct and then passes into the nasal cavity. The pH of the lacrimal secretions 
influences the absorption of weak electrolytes However, the pH of formulation also plays 
a role in drug absorption. In general a low pH promotes lacrimal secretion, increases lacrimal 
fluid drainage into the nasal cavity, and causes drug loss. High pH of the formulation 
decreases the flow of the lacrimal fluid and increases the drug absorption because of an 
increased contact time of the drug and lack of dilution of the formulation by tears. The 
barrier for drug penetration into the interior of the eye is the cornea that has both lipophilic 
and hydrophilic character with respect to drug penetration. Hence, drugs with optimum 
lipohilicity and hydrophilicity exhibit rapid and better absorption. 


The effective “dose” of medication administered ophthalmically may be varied by the 
strength of medicatior administered, the volume administered, the pH of the dosage form, 
the viscosity enhancers present in dosage form, the retention time of the medication in 
contact with the surface of the eye and the frequency of administration. 


intranasal administration 


generally drugs are administered by the intranasal route for the treatment of local conditions 
such as perennial rhinitis, allergic rhinitis, nasal decongestion etc. Recent studies on 
absorption of drugs through nasal mucosa revealed that the absorption of lipophilic drugs 
takes place mainly by passive diffusion and the absorption of polar drugs by pore transport. 
The rate of absorption of lipophilic drugs is found to be dependent on their molecular 
weight. Drugs with a molecular weight less than 400 daltons exhibit a higher rate of absorption 
while drugs with a molecular weight of around 1000 daltons show a moderate to satisfactory 
rate of absorption. The type of formulation used, the pH of the nasal secretions (generally 
ranges 5.5 to 6.5), and pathophysiology of the nasal mucosa influence the rate of drug 
transport. 


Presently, the nasal route is becoming popular for the systemic delivery of some 
peptide and protein drugs. This is because of the high permeability of the nasal mucosa, 
rich vasculature and the ease of administration. Until recently, the modes of administering 
intranasal preparations have been limited to nasal drops, non-pressurized nasal sprays 
(mists), inhalants, and intranasal gels (jellies), creams and ointments. A new alternative 
to these traditional intranasal preparations is the pressurized metered nasal aerosol. 
Intranasal aerosol offers numerous advantages, including the delivery of a measured dose 
of a drug, excellent depth of penetration into the nasal passageway with a minimal inadvertent 
penetration into the lungs, reduced droplet or particle size, lower dosage than that of the 
comparable systemic preparations, maintenance of sterility from dose to dose, greater patient 
compliance, decreased mucosal irritability, and greater flexibility in product formulation. 
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Pulmonary Administration 


The drugs may be administered for their local action of the bronchodilators for their systemic 
effects through absorption from the lungs. Inhalations and aerosols ~ are used to 
deliver the drugs to the lungs. The large surface area of the alveolar rich permeability 
of the alveolar epithelium for drug penetration, and a rich vasculature are responsible 
for rapid absorption of drugs by this route. However, this route is not commonly used 
for systemic effects of drugs. A majority of drugs administered by this route are meant 
for acting on pulmonary system, for example, bronchodilators (isoproterenol suface 
salbutamol), anti-allergics (cramolyn sodium) and anti-inflammatory (betamethasone. 
dexamethasone). 


When drugs are administered as aerosols containing fine particles. particle size the 
pH of the bronchial fluids and pathophysiological condition of the alveolar epithelium are 
the determinants of the drug absorption. In general particles greater than 10 mm are 
retained in the throat and upper airways, whereas fine particles reach the pulmonary 
epithelium. Metered aerosols are used to avoid variation in administered doses observed 
with conventional aerosols and inhalations. 


Topical Administration 


The skin is the Outer surface of the animal body that comes in contact with the environment 
it protects the interior of the body. it consists of three distinct layers called epidermis, 
dermis and the subcutaneous fat tissue. The epidermis consists of, from outer to the 
inner stratum corneum, stratum lucidum, stratum granulosum, stratum spinosum and stratum 
germinativum. The dermis is a highly vascularized region filled with a connective tissue, 
hair follicles, base of the sebaceous glands and nerve endings. Once drugs reach this 
region, they will be transported into the systemic circulation continuously, because of sink 
conditions prevailing in this region. 

Whether a topically applied drug is meant for local action or for a systemic effect, 
it has to reach the vascular region of the skin, dermis. The principle barrier for drug 
penetration is the “stratum corneum” of epidermis. Stratum corneum is composed of 
dehydrated, keratinized, dead horny epithelial cells and is about 20-40 mm thick. 


The absorption of drugs through the skin is known as percutaneous absorption. Drugs 
can penetrate the intact skin through the wails of the hair-follicles, through the sweat glands 
or the sebaceous glands, between the cells of the horny layer and through the stratum 
corneum cells. However, the main route for the penetration of drugs is generally through 
the epidermal layer, rather than through the hair follicles or the gland ducts, since the 
surface area of the latter is rather minute compared to the area of the skin containing 
neither of these anatomical elements. Therefore, it can be concluded that percutaneous 
absorption of a drug mainly depends on the ability of the drug to penetrate the stratum 
corneum. In other words, the stratum corneum is the rate-limiting barrier in passive 
percutaneous absorption of drugs. 
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Factors Influencing Percutaneous Absorption of Drugs 


1. Drug Release From Dosage Form: The first step in percutaneous absorption is that 
the drug present in the dosage form should reach the skin surface at an adequate 
rate and in sufficient concentration. 


2. Drug Concentration in the Formulation: In general, the more the concentration 
of a drug in the formulation, the greater will be the rate of drug absorption through 
the skin. 


3. Drug Oil/Water Partition Coefficient: In general, the greater the solubility of a drug 
in oil, the greater its percutaneous absorption. However, the aqueous solubility of 
a drug determines the concentration presented to the absorption site. 


4. Drug Affinity to the Skin Tissue: In order to have a better absorption, a drug should 
have preferential partition towards the membranes of the skin than the vehicle in which 
it is presented. On the other hand, the drug must not have such a great affinity for 
the tissue that it remains tightly bound and fails to penetrate as deeply as is required 
of. For instance, a local anesthetic must penetrate to the level of nerve fibers to be 
effective. 


5. Surface Area: More drug is absorbed through percutaneous absorption when the 
drug substance is applied to a larger surface area. 


6. Site of Application: Percutaneous absorption appears to be greater when the drug 
is applied to the skin with a thin horny layer than with one that is thick. Thus, the 
site of application may have a bearing on the degree of drug absorption. The absorption 
from such sites as the palms of the hands and the soles of the feet is poor due to 
thick stratum corners. 


7. Hydration of the Skin: The hydration of the skin is one of the most important factors 
in percutaneous absorption. The hydration of stratum corneum appears to increase 
the rate of passage of all substances that penetrate the skin. Increased absorption 
is probably due to the softening of the tissue and the consequent “sponging” effect 
with an increase in the size of the pores, allowing a greater flow of substances, large 
and small, through them. 


8. Nature of the Vehicle Used: Drug absorption appears to be best from vehicles that 
easily cover the skin surface, mix readily with the sebum and bring the drug in contact 
with the tissue cells for absorption. Vehicles used‘greatly influence the absorption 
of readily “absorbable” drugs. The absorption of drugs is better from animal and 
vegetable oils than from mineral oils because the form<.. iypes penetrate the skin readily. 
Similarly, organic solvents can enhance the absorption of a drug dissolved in them 
through their penetrability. 


In general, vehicles that cause hydration of the skin improve the percutaneous absorption 
of drugs. Oleaginous vehicles effectively increase the skin hydration and thereby 
increase the drug penetration through skin. Water-in-oil emulsion type vehicles are 
probably next in effectiveness to oleaginous vehicles in enhancing the hydration of 
the skin. Vehicle containing humactants like glycerine reduce the moisture content 
of the skin by drawing the moisture from the skin, when conditions of a low humidity 
prevail. 
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9. Rubbing or Inunction: In general, the amount of rubbing in or inunction of the topical 
application will have a bearing on the amount of drug absorbed; the longer the period 
of inunction, the greater the absorption. 


10. Contact Period: The longer the time of contact of a dosage form with the skin, the 
greater will be the absorption of the drug. 


11. Permeation Enhancers: Certain chemicals like DMSO, propylene glycol, azone etc., 
are found to enhance the percutaneous absorption of drugs by disrupting the network 
of the horny layer. Hence, these chemicals are used in transdermal drug delivery 
systems and also in other topicai preparations to increase the drug absorption. 


42. Other Factors: Absorption of drugs is rapid from regions where numerous hair follicles 
exists than from the region with less hair follicles (e.g. scalp). Absorption of drugs 
is rapid from a damaged skin due to the lack of stratum corneum, the barrier for 
percutaneous absorption. Therefore, injuries, mild burns, rashes and inflammation 
promote drug absorption. 


Intramuscular Administration 


Absorption of drugs from muscle tissue is rapid and the absorption rate is perfusion rate- 
limited. The higher the blood flow rate to the tissue, the greater will be the absorption 
rate of a drug. This dependence of absorption on perfusion may be explained by the 
nature of the barrier (the capillary wall) between the site of injection (interstitial fluid) and 
the blood. This capillary wall, a much more loosely knit structure than the epithelial lining 
of the gastrointestinal tract, offers little impedance to the movement of drugs into blood, 
even for polar ionized drugs. For example, gentamicin, a water-soluble, ionized polar base 
has greater difficulty penetrating the gastrointestinal mucosa but is rapidly and completely 
absorbed from an intramuscular site. This low impedance by the capillary wall in the muscle 
applies to drugs, independent of pKa, degree of ionization and molecular size up to 
approximately 5000g/mole. 


In contrast to small molecules, size, polarity and charge pose a particular problem 
for administration of proteins, and large polypeptide drugs; their transport across many 
membranes is hindered. Drugs injected into the muscle reach the systemic circulation 
by two mechanisms: diffusion through the interstitial fluids and fenestrations in the lining 
of the vascular capillaries and by convective flow of the interstitial fluids through lymphatic 
channels. Molecular size is of primary importance for passage across the capillary 
endothelium. Polypeptides of less than approximately 5000 g/mole primarily pass through 
the capillary pathway. Those of greater than about 20,000 g/mole are less able to traverse 
the capillary wall; they primarily enter the blood via the lymphatic pathway. Lymph flow 
is slow and causes absorption from nonvascular parental sites to continue for many hours. 
The nonvascular parental routes offer the advantage of providing a prolonged input for 
short half-life proteins. However, absorption kinetics from both intramuscular and 
subcutaneous administration has been shown to be highly dependent on the site of injection, 
temperature, and degree of rubbing at the injection site. 
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Now, there is a need for the development of novel delivery systems for protein drugs 
because of their short half-lives and decomposition in the gastrointestinal tract. Smaller 
polypeptides have been shown to be absorbed across the nasal membranes. High molecular 
weight polypeptides and proteins may require more creative methods to ensure consistent 
and more complete bioavailability or may require the development of more specific methods 
for delivering these drugs to the site of action. 


Subcutaneous Administration 


All the points discussed under intramuscular administration are also applicable to 
subcutaneous administration except that the rate of absorption of drugs from subcutaneous 
tissue is less than that observed from the muscle due to a less blood flow rate to this 
region. This can be considered as an advantage when slow on set and sustained action 
are desired (e.g. insulin). Blood flow to the subcutaneous tissue can be increased by 
massage, application of heat, co-administration of vasodilators locally and thereby drug 
absorption from this site can be improved. Decrease in drug absorption can be achieved 
by immobilization of limb, cooling at the site of injection, co-administration of vasoconstrictors. 
In general, low volumes of injection are used for the subcutaneous route. Inclusion of 
enzyme hyaluronidase enables the administration of large volumes and also improves the 
rate of drug absorption by increasing the area of contact between the drug and the tissue 
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Likely Questions : 


1. 


2. 
3. 
4 


oy. 


What is the rate-limiting step in bioavailability? 
With the heip of a neat sketch, explain the common anatomical features of the stomach? 
What are the primary functions of the stomach? 


How is the surface area available for absorption in the intestine increased 
tremondously? 


What is the nature of a cell membrane? 
What are the different pathways of drug absorption? 


What are the different mechanisms of drug absorption? Write about the passive 
diffusion. 


How sink conditions are maintained at the absorption site in the GIT? 
What is an active transport? 


. Write about the specific characters of active transport process? 

. Compare and contrast passive diffusion and a carrier mediated transport. 

. What is the difference between an active transport and a facilitated diffusion? 

. Most of the drugs are absorbed by passive diffusion while a majority of nutrients 


are abosorbed by an active transport Explain the reason for this general observation. 
How are ionizable drugs absorbed? 


With the help of a neat sketch, explain the barriers for drug absorption from the 
GIT. 


. How do the components of G! fluids affect the drug absorption? 
. For which drugs a rapid gastric emptying is desirable and for which drugs it should 


be slow? 


. List the factors that influence the gastric emptying rate. 
. What is the influence of the intestinal transit time on the abosrption of a drug whose 


site of absorption is the small intestine? 
For which type of drugs the blood fiow rate to the GIT influences the absorption. 


. In general, there exist a linear relationship between the drug oil/water partition 


coefficient and the rate of drug absorption from the GIT. Write about the exceptions 
to this general rule with reasons. 


. What are the assumptions made in developing the pH-partition hypothesis? 


What are the limitations of pH-partition theory? 


. Explain the absorption of weak acidic drugs based on the pH-partition theory. 
. Reduction of particle size of phenacetin fail to increase the dissolution rate. Why? 
. Increase in the effective surface area by micronization is not advisable for certain 


drugs. What are they? 


. How do you improve the saturation solubility of drugs? 
. Why the salts of drugs show a higher solubility? 
. How the amorphous, metastable polymorphs, anhydrates and solvates show rapid 


dissolution than their counterparts? 


. Explain the terms in the Noyes-Whitney equation. 
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31. 


32. 
33. 
34. 
35. 


36. 
37. 
38. 
39. 
40. 
41. 
42. 
43. 
44. 


45. 
46. 
47. 


48. 
49. 


50. 
51. 
52. 


53. 
54. 
55. 
56. 
57. 
58. 
59. 


60. 
61. 
62. 
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What do you understand by the terms “diffusion coefficient” and “thickness of the 
stationary layer’? 


Write a note on drug stability in the GIT. 
List the official and unofficial methods of dissolution testing. 
What are the various factors to be considered in designing a dissolution test apparatus? 


Discuss the similarities and differences between the Rotating Basket Method and 
Paddle method. 


Give the table used to interpret the results of the dissolution test. 

Write the procedure to be followed for testing the dissolution of enteric coated tablets. 
What do you mean by intrinsic dissolution rate? How is it determined? 

How do you control the variables in dissolution testing? 

Write a note on in-vitro and in-vivo correlations. 

What are the limitaions of a dissolution test? 

What are the metabolic factors that affect drug absorption from the GIT? 

Write a note on the role of drug-food interactions in drug absorption. 


Pediatrics and geriatrics differ significantly with respect to drug absorption from adults. 
Justify the statement. 


Surfactants can increase or decrease the drug absorption. Explain how? 
Explain the absorption of drug from soft gelatin capsule. 


What are the reasons for administering the drugs by extravacular routes other than 
per oral? 


What are the advantages of sublingual/buccal route of administration? 


What are the important points to be considered in developing sublingual/buccal dosage 
forms? 


What are the physiological factors affecting drug absorption from the rectum? 
Write a note on intravaginal administration of drugs. 


What are the factors that influence the “effective dose” of an intraoccularly 
administered dosage form? 


Write a note on pulmonary drug administration. 

What are the various formulations administered intranasally? 

Which is the principle barrier for percutaneous absorption? 

What are the factors influencing percutaneous absorption of drugs? 
Explain the absorption of drugs from the muscular tissue. 

Write a note on subcutaneous administration of drugs. 


Ibuprofen, a weak acid has a pKa of 4.4 and diazepam is a weak base with a pKa 
of 3.7. Assuming that the pH of stomach, small intestine, blood equal! to 3.0, 5.8, 
7.4 respectively, comment on their site (s) of absorption. 


What are the different mechanisms of dissolution? 
Explain Danckwert's dissolution model. 
Give Hixon-Crowell equation or what is cube root law? 
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Drug distribution refers to the reversible transfer of drug from one location to another 
within the body. Definitive information on the distribution of a drug requires its measurement 
in various tissues. Such data has been obtained in animals, but is essentially lacking 
in humans. Much useful information on the rate and extent of distribution in humans can 
be derived from blood or plasma data. 


Pharmacokinetic variability means that the same dose of a drug results in different 
blood levels in different individuals. Pharmacokinetic variability is the result of inter-individual 
differences in the absorption and disposition of drugs. The term disposition refers to the 
fate of a drug after absorption. On reaching the blood stream, drugs are simultaneously 
distributed throughout the body and eliminated. Elimination includes biotransformation 
(metabolism) and excretion of drugs. Distribution usually occurs much more rapidly than 
elimination. Drug molecules are distributed throughout the body by means of the circulation 
of the blood. The entire blood volume is pumped through the heart each minute. Therefore, 
a drug is diluted into the total blood volume within minutes of its entry into the blood. 


The drug molecules are distributed throughout the body by the systemic circulation 
consisting of a series of blood vessels, including the arteries which carry the blood to the 
tissues; and veins, which return the blood back to the heart. An average adult (70-kg) 
has about 5 litres of blood (3 litres of plasma and 2 litres of blood cells). About 50% 
of the blood is in the large veins or venous sinuses. An average cardiac out put is about 
5.5 litres/min. in subjects at rest and it may be 5 to 6 times higher during exercise. 
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Even though a drug is circulated via the blood to all the tissues, its distribution in 
all the tissues is not uniform Several factors influence drug distribution to various tissues 
of the body. They are listed below 

1. Physicachemical properties of the drug 

e Molecular size 

e Oil/water partition coefficient (Ko/w) 

e Degree of ionization that depends on pKa 


2. Physiological factors 


e Organ/Tissue size 
e Blood flow rate 
e Physiological barriers to the diffusion of drugs 


- Blood capillary membrane 

- Cell membrane 

- Specialized barriers 

- Blood-brain barrier 

- Blood-cerebrospinal fluid barrier 
Placental barrier 
Blood-testis barrier 


3. Drug binding in the blood 
4. Drug binding to the tissue and other macromolecules 


3.1 Physicochemical Properties of the Drug 


Molecular size, oil/water partition coefficient and degree of ionization are the important 
physicochemical properties of the drugs that influence their distribution in the body. Most 
of the drug molecules easily cross the capillaries and reach the interstitial fluid (extra- 
cellular fluid, ECF) bathing the cell. Drugs with molecular weights upto 500 to 600 daltons 
quickly diffuse out of the vascular system and reach the ECF. 


However, the capillary membranes vary in their permeability characteristics depending 
upon the tissue. For example, the capillary membranes in the liver and kidneys are more 
permeable to drug movement than capillaries in the brain. The sinusoidai capillaries of 
the liver are very permeable and allow the passage of large-molecular-weight molecules. 


Once the drug is present in the ECF, it is transported into the cell mainly by passive 
diffusion. The factors that influence the penetration of drugs into the cells are the same 
as those observed in gastrointestinal absorption of drugs. Small, water-soluble molecules 
and ions diffuse through aqueous channels or pores in the cell membrane. Water-soluble 
molecules and ions with a molecular weight of more than 50 daltons can not enter the 
cell easily, except by special transport mechanisms. Lipid-soluble molecules are dissolved 
in the cell membranes and diffuse into the cell due to the concentration gradient. The 
relative amounts of unionized and ionized forms of weak acidic or basic drugs in ECF depends 
on the pH of the blood and the ECF. Hence, the pKa of the drugs play critical role in 
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drug distribution of polar drugs by influencing the degree of ionization Therefore the 
penetration of weak acidic or basic drugs into tissues depend on the pH of the ECF and 
blood. However, the pH of the blood and the ECF is maintained remarkably uniform at 7 4. 


The partition coefficient of a drug between the organ and the blood is a measare 
of the ability of a drug to concentrate in the tissue. The volume of thyroid gland tissue 
is about 20 ml. If the partition coefficient of the drug between the thyroid and the biood 
is 1, the drug in the tissue would rapidly come into equilibrium with the blood, but relatively 
little drug would be found in the thyroid. However, for certain drugs containing iodine moieties, 
partition coefficient is enormous and a significant amount of the drug will distribute into 
this small gland relatively rapidly. Therefore, the higher the partition coefficient value of 
a drug, the more it will concentrate in the organ. 


The oil/water coefficient (Ko/w) is a measure of lipophilicity of a drug. The higher 
the lipophilicity of a drug the easier it will be for the drug molecule to penetrate the lipid 
cell membrane. Therefore, lipophilic drugs show high distribution rates than polar drugs. 
However, the unionized form of a drug is lipophilic than ionized form, hence, the pKa of 
the drug determines the relative amounts of ionized and unionized forms of the drug in 
addition to the pH of the blood and the ECF. The overall permeability of a drug through 
the lipoidal membranes depends on both the pKa and Ko/w. The effective partition coefficient 
of a drug is defined as the product of the fraction unionized at pH 7.4 and Ko/w of unionized 
drug Two drugs may have similar Ko/w values, but the difference in pKa values leads 
to a change in their effective partition coefficients and hence different distribution patterns 


An interesting experiment was conducted in dogs for demonstrating the pH dependent 
cellular distribution of phenobarbital, a weak acid. When the plasma pH is lowered by 
carbon dioxide inhalation, there is a decrease in the plasma concentration of phenobarbital. 
Under these conditions, a greater fraction of the drug is in the unionized form (acidic pH 
increases the fraction of unionized form) and a larger amount of the drug moves into the 
cells. Sodium bicarbonate ingestion causes alkalosis and produces an elevation of 
phenobarbital levels in the plasma. This is because of the movement of the drug from 
the cells to the ECF. Therefore, acidosis deepens phenobarbital anesthesia, whereas 
alkalosis lightens it. This is the reason for using sodium bicarbonate in the treatment of 
barbiturate intoxication. This treatment also produces urinary alkalosis which promotes 
the urinary excretion of weakly acidic drugs. 


3.2 Organ/Tissue Size 


A particular organ in the body may acts as a site of distribution or as a site of both distribution 
and elimination. The relative importance of the various organs as storage and/or elimination 
sites depends on how fast the drug gets to each organ and how much space or volume 
is available to hold the drug. The greater the size of a tissue, the higher the drug 
accumulation in that tissue. 


3.3 Blood Flow to the Organ 


Another important factor that governs the rate of accumulation of a drug in an organ is 
the rate of the blood flow to that organ. The rate of uptake of a drug by an organ is 
called organ clearance. It is obvious that an organ can not clear the drug from the blood 
any faster than the drug delivered to the organ via the blood flow (for details see Chapter 4). 
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Distribution, like absorption can be rate-limited by either perfusion or permeability. 
A perfusion-rate limitation prevails when the tissue membranes present essentially no barrier 
to distribution. This condition is observed with small lipophilic drugs diffusing across the 
most membranes of the body and, by almost all drugs, except macromolecules diffusing 
across loosely knit membranes, such as capillary walls of the muscle and subcutaneous 
tissue. Perfusion is generally expressed in units of millilitres of the blood per minute per 
volume of the tissue (ml/min/ml of tissue). When all the factors remain constant, well- 
perfused tissues take up a drug much more rapidly than do poorly perfused tissues. There 
is a direct correlation between the tissue perfusion rate and the time required to distribute 
a drug to a tissue. 


Therefore, a rapid equilibrium is observed with lipid-soluble drugs between the blood 
and the kidney, liver, heart, and brain, all of which are highly perfused with blood. Skeletal 
muscle and adipose tissue are perfused with the blood at a slower rate and hence, equilibrium 
between the drug in these tissues and the blood is attained slowly. 


Lipid-soluble drugs rapidly penetrate the tissues highly perfused with the blood and 
show a quick on-set of action. However, redistribution of these lipid-soluble drugs into 
less well perfused tissues, rather than metabolism or excretion, may limit the duration of 
action of such drugs. For example, lipid-soluble drug, thiopental produces anesthesia 
within seconds after 1.V. administration because of rapid equilibration between the blood 
and brain. However, the thiopental levels in brain decline rapidly even though the drug 
is metabolized slowly in the brain and as a result the duration of action is short. The 
rapid decline in the levels of thiopental in the brain is due to the re-distribution of the 
drug to the other tissues, particularly the skeletal muscle and fat. 


A permeability-rate limitation is observed for polar drugs diffusing across the tightly 
knit lipoidal membranes. Differences in the ease of entry are a function of both oil/water 
partition coefficient and the degree of ionization. For example, salicylic acid and 
phenobarbital show differences in time required to reach an equilibrium between the blood 
and the CSF, even though their partition coefficients are not much different. This is because 
of the fact that the weaker acid, phenobarbital, exists mainly in unionized form in the plasma 
at pH 7.4 than salicylic acid. This difference can be predicted by considering their effective 
partition coefficient at pH 7.4 (Table 3.1). 


Table 3.1 Influence of Ko/w and pKa of Drugs on Distribution of Drugs into the CSF. 


Fraction Partition Effective Time to 
Unionized coefficient partition reach 50% 
at pH 7.4 of unionized coefficient equilibrium 
form at pH 7.4 (min.) 


Phenobarbital 
Salicylic acid 
Thiopental 
Barbital 
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3.4 Physiological Barriers to the Diffusion of Drugs 


The distribution of various compounds that enter the blood to different tissues is restricted 
because of the presence of the specialized barriers. This is developed in the body to 
protect the sensitive tissues from the effect of a variety of chemicals that enter the blood 
by several routes. 


3.4.1 Blood Capillary Membrane 


The processes by which drugs transverse the capillary membrane include passive diffusion 
and hydrostatic pressure. Passive diffusion is the process by which drug molecules move 
from a region of high concentration to a region of low concentration and is described by 
Fick's Law of diffusion. 


Rate of diffusion = “ n PRAISE ee 


Where: 

Cp = drug concentration in the plasma 

Ct = drug concentration in the tissue 

A = surface area of the membrane 

h = thickness of the membrane 

K = the lipid/water partition coefficient 

D = diffusion coefficient of the drug in the membrane 


The negative sign indicates that the transfer of the drug takes place from inside 
the blood capillary into the tissue. 


The average hydrostatic pressure of the blood capillary is +18mm Hg and the mean 
pressure in the tissue is -6 mm Hg, resulting in a net total pressure of 24mm Hg higher 
in the capillary over the tissue. This pressure is nullified by the osmotic pressure of the 
blood, which contributes a suction pressure of 24mm Hg, putting the plasma fluid back 
into the capillary, Thus, the net result is that the pressure in the tissue and most parts 
of the capillary are equal, with no net flow of water. However, at the arterial end of the 
capillary, the pressure of the blood is about 8 mm Hg higher than that of the tissue, The 
higher pressure at the end of the arterial capillary is called hydrostatic or filtration 
pressure, This pressure difference causes the filtration of the fluid from the capillary 
end into the tissue. This filtered fluid is later returned to the venous capillary due to a 
lower pressure of about the same magnitude in the venous blood. The lower pressure 
of the venous blood compared to the tissue fluid is termed absorptive pressure. Therefore, 
hydrostatic pressure represents a pressure gradient between the arterial end of the capillaries 
entering the tissue and venous capillaries leaving the tissue. Hydrostatic pressure is 
responsible for penetration of water-soluble drugs into spaces between endothelial cells 
and possibly kidneys, in which a high arterial pressure and a high blood flow allow for 
small drug molecules to be filtered in the glomerulus of the renal nephron, 
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Certain body fluids may be relatively inaccessible to drugs in the blood stream; These 
include cerebrospinal fluid (CSF), bronchial secretion, pericardial fluid, and the middle ear 
fluid. The degree of access of antibiotics to these fluids may be a limiting factor in treating 
infections. Inflammation, often secondary to infection, increases drug penetration. 


Drug concentration in the body fluids also depend on the degree of drug binding 
in the fluid. Drug concentration in the CSF and saliva, which are usually protein free, 
offen is low, equivalent to free (unbound) drug concentration in the plasma. Drug 
concentration in the extra-cellular fluid may be less than that in the plasma, because the 
ECF has a lower albumin concentration than the plasma. Drug concentration in the synovial 
fluid varies with the degree of inflammation, because albumin concentration in this fluid 
fluctuates with the severity of the disease process. 


34.2 Cell Membrane 


Once the drug is present in ECF, it is generally transported by passive diffusion into the 
cell. The factors that influence the penetration of drugs into cells are same as those observed 
in the gastrointestinal absorption of drugs. The cell membrane acts like a lipid barrier 
for the transport of drugs. Permeability of drugs through this membrane limits the entry 
into the cell. 


3.4.3 Blood-Brain Barrier (BBB) 


The capillaries in the brain and spinal cord are differant in their permeability characters 
fram those found in the rest of the body. The capillary endothelial cells are surrounded 
by a layer of glial cells, which have tight intercellular junctions. This added layer of calls 
around the capillary membranes acts as a thicker lipid barrier and slows the diffusion and 
penetration of water-soluble and polar drugs into the brain and spinal cord. This lipid 
barrier is called the blood-brain-barrier (BBB) and is depicted in Fig. 3.1. 
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Fig. 3.1 Schematic representation of transport of lipid soluble drug across blood brain barrier. 


The BBB represents an important boundary between the peripheral and central 
nervous system in the form of a permeability barrier to the passive diffusion of substances 
from the blood stream into various regions of the CNS. Evidence of the barrier is provided 
by the greatly diminished rate of access of chemicals from the plasma to the brain. 
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In general, only lipid soluble drugs can diffuse into the interstitial fluid of the brain and 
spinal cord. Water soluble compounds can not cross the endothelial lining without the 
assistance of carners. Many different transport mechanisms are involved. For example, 
there are separate transport systems for glucose, large amino acids, and glycine (the smallest 
of the amine acids). 


The transport process is both selective and directional. Large amino acids and glucose 
are transported out of the blood, whereas glycine is transported into the blood. There 
are functional reasons for directional transport. The neurons have a constant need for 
glucose that must be met regardless of the relative concentrations in the blood and interstitial 
fluid. However, glycine is a neurotransmitter, and its concentration in neural tissue must 
be kept relatively low, much lower than that in the circulating blood. Nevertheless, most 
of the transport mechanisms of the blood-brain barrier involve facilitated diffusion and so 
occur down the concentration gradient. The blood-brain barrier remains intact throughout 
the CNS, but less prominent in the portion of the hypothalamus and in the membranous 
root of the diancephalon and medulla. 


The penetration rate of a drug into the brain depends on its degree of ionization 
in the plasma and its lipid solubility. Highly lipid-soluble drugs such as thiopental reach 
the brain immediately from the plasma, whereas polar drugs, like barbital, penetrate the 
CNS at a lower rate. Penicillin G, is a weak organic acid with pKa 2.6 which exists in a 
completely ionized form in the plasma. The rate of penetration of penicillin into the brain 
is slow due to their poor lipid solubility, The blood-brain-barrier may severely limit treatment 
with antibiotics, cancer chemotherapeutic agents, and other polar drugs. Prodrug approach 
is useful in enhancing drug delivery to the CNS. Parkinsonism is associated with a depletion 
of dopamine in the brain. The inability of dopamine to cross blood-brain-barrier restricts 
its use in the treatment of Parkinsonism. Therefore, a precursor of dopamine, levodopa, 
which can penetrate the barrier is used in the treatment of this disease, Levodopa is 
metabolized in the brain ta dopamine. 


Drugs such as anticonvulsants or psychotropics, which must act on the brain should 
have good lipid-solubility for a rapid penetration into the CNS. Because of the lipid-solubility 
of these drugs, they can distribute to other tissues and precipitate side effects, if these 
drugs do not crossed the BBB quickly. 

It has been observed that the permeability of the blood-brain-barrier is increased 
in meningeal infections because of an abnormal state of the membranes. Increased levels 
of drugs such as penicillin G, ampicillin have been found in the CSF of patients with viral, 
bacterial or other meningeal inflammatory states. 


3.4.4 Blood-Cerebrospinal Fluid Barrier 


The chroid plexus is the site of cerebrospinal fluid production. In the lower brain stem, 
a region of the choroid plexus in the roof of the fourth ventricle projects between the 
cerebellum and pons. In the anterior brain stem, two extensive folds of the choroid plexus 
originate in the roof of the diencephalon and extend through the interventricular foramina. 
These folds cover the floors of the lateral ventricles. 
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Large ependymal cells cover the capillaries of the choroid plexus and contact the 
cerebrospinal fluid of the ventricles. Through a combination of active and passive transport 
these cells secrete cerebrospinal fluid at a rate of about 1200 mifday. The composition 
of the CSF is closely regulated. 


The junctions between the endothelial cells of the blood capillaries are open and 
easily permeable to drugs. Therefore, drugs reach the extracellular fluid (ECF) easily 
from the blood at the blood-CSF barrier, However, the choroid plexus cells have tight 
junctions between them and do not allow the penetration of polar drugs. Hence, lipid soluble 
drugs can only penetrate the lipoidal barrier (Fig. 3.2). Since the CSF Is almost free from 
proteins, the CSF concentration of lipid-soluble drugs usually reflect a free drug 
concentration in plasma. Drug levels are usually higher in the brain tissue than in the 
CSF. Phenytoin concentrations in epileptic patients are 6 times higher in the temporal 
lobe than in the CSF. 
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Fig. 3.2 Diagram showing the transport of lipid soluble drug across blood cerebrospinal fluid barrier. 
3.4.5 Placental Barrier 


Blood flows to the placenta through the paired umbilical arteries and returns in a single 
umbilical vein, It has been estimated that the chorionic villi provide around 90 square 
meters of surface area for active and passive exchange between the foetal and maternal 
blood streams. The maternal and the foetal blood vessels are separated by the placental 
barier that consists of a foetal trophoblast basement membrane and the endothelium. 
Studies on the placental transfer of a several compounds revealed that the barrier is not 
as effective as BBB in restricting the entry of polar compounds. Many drugs having a 
molecular weight less than 1000 daltons and considerable lipid solubility can easily cross 
the barrier by passive diffusion. Since some degree of foetal exposure is likely to occur 
with virtually all drugs, and since the consequences of such exposure is usually unknown, 
it is necessary to restrict the administration of drugs to a pregnant woman, especially during 
the first trimester of pregnancy. Chronic medication presents the greatest concerns. The 
higher the blood level of drug in a pregnant patient on chronic medication, the greater 
is the risk to the foetus. Examples of drugs that cross the placental barrier include narcotic 
analgesics, sulfonamides, anticonvulsants, barbiturates, antibiotics, steroids etc. 
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The shortest time possible for a drug to equilibrate between maternal blood and 
the foetal tissue has been estimated to be about 40 minutes. Polar drugs whose passage 
across the placenta is impeded by a low lipid solubility, large molecular size, ionization, 
and a high protein binding, probably require hours for equilibration. Foetal exposure to 
drugs that are rapidly eliminated by the mother is also likely to be small. 


3.4.6 Blood-Testis Barrier 


The seminiferous tubules are isolated from the general circulation by a blood-testis barrier 
comparable to the blood-brain barrier. Extensions of sustentacular cells (sertoli cells) form 
a layer that surrounds the seminiferous tubule beneath the spermatogonia. Tight junctions 
between the adjacent sustentacular cells prevent free diffusion from the interstitial fluid 
to the seminiferous tubule. Transport across the sustentacular cells is tightly regulated 
so that the conditions inside the tubule remain very stable. 


3.5 Drug Binding in Blood 


Within the blood, drug can bind to many components including blood cells and plasma 
proteins. The drug can also bind with tissue proteins or other macromolecules such as 
melanin and DNA to form a drug-macromolecule complex. The formation of a drug-protein 
complex is termed as drug-protein binding. The drug-protein binding process is generally 
a reversible process. However, certain drugs may bind to proteins irreversibly. For example, 
the reactive intermediate metabolites of acetaminophen at higher doses, bind irreversibly 
with liver proteins and cause hepatotoxicity. 


Most drugs bind or interact with proteins by a reversible process. Reversible drug- 
protein binding means the drug binds to the protein with weaker chemical bonds such 
as ionic, Van der Waals, hydrogen, and/or hydrophobic bonds. The amino acids that 
constitute the protein chain contain hydroxyl, carboxyl, or other sites available for reversible 
drug-protein interactions. 


Albumin, o,-acid glycoprotein, lipoproteins, immunoglobulins (lg G), and erythrocytes 
within the blood are the most important macromolecules that bind the drugs. The most 
important contribution to drug binding in the plasma is made by a/bumin which constitutes 
about one half of the total plasma proteins. Albumin is synthesized by the liver. Its molecular 
weight ranges between 65,000 and 69,000 daltons. Albumin is present in the plasma and 
in extra-cellular fluid of various tissues. Total plasma albumin for a 70-Kg man is about 
120g. Total interstitial albumin is approximately 156g. Thus almost 60% of the total albumin 
in the body is found out side the plasma. Albumin concentration in the plasma is maintained 
at a relatively constant level of 3.5 to 4.5% w/v. Lower levels are found during pregnancy 
and in certain diseases. Albumin is responsible for maintaining osmotic pressure of the 
blood and for the transportation of endogenous and exogenous substances. As a transport 
protein for endogenous substances, albumin complexes with free fatty acids (FFA), bilirubin, 
various hormones (such as cortisone, aldosterone, and thyroxine), tryptophan, and other 
compounds. Most of weak acidic drugs and neutral drugs bind to albumin. 
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a,-acid glycoprotein (orosomucoid) is a low molecular weight (approximately 40,000 
daltons) protein and is a globulin. The average plasma concentration of a,-acid glycoprotein 
ranges between 40mg/100 ml and 100mg/100ml. Its concentration in the plasma increases 
in malignant diseases, inflammation and stress, and decreases in hepatic diseases and 
the nephrotic syndrome. a,-acid glycoprotein binds primarily basic drugs such as lidocaine, 
propranolol, imipramine and quinidine. 


Globulins (a, B, y globulins) may be responsible for the transport of endogenous 
substances, but play a limited role in drug binding. A globular protein known as corticosteroid- 
binding-globulin (CBG) or transcortin is highly specific to certain steroids such as 
prednisolone. Transcortin also binds thyroxine and vitamin B,,. Gamma globulins are 
important in immunological reactions, but have negligible role in drug binding. 


Lipoproteins are macromolecular complexes of lipids and proteins. Lipoproteins are 
classified based on their density. They are responsible for the transport of plasma lipids. 
They may be participated in drug binding interactions, if the binding sites on albumin become 
saturated. 


Erythrocytes or red blood cells (RBCs) may bind both endogenous and exogenous 
compounds. Erythrocytes constitute about 45% of the volume of the blood. Drug uptake 
by erythrocytes is a function of plasma protein binding. A linear correlation has been 
observed between the blood or RBC/plasma concentration ratio and free drug concentration 
of propranolol, phenytoin, haloperidol and quinidine in plasma. 


Penetration of a drug into the RBC is dependent on the free concentration of the 
drug in the plasma. Increased levels of a free drug concentration in the plasma linearly 
increased the drug levels of phenytoin and acetazolamide in the erythrocytes. 


For drugs that bind to RBCs strongly, the haematocrit will influence the total amount 
of drug in the blood. For these drugs, the whole blood drug concentration should be 
measured. Measurable amounts of the drug may be present in RBCs for a long time if 
the binding of the drug to the RBCs is an irreversible process. 


3.5.1 Plasma Protein Binding and Drug Distribution 


The drug bound to the plasma protein is not available for distribution, hepatic metabolism, 
renal elimination and pharmacological action. The high molecular weight of drug-protein 
complex restricts the passage across the blood capillaries and its low lipid-solubility prevents 
the passage across cell membranes. Only an un-bound drug or a free drug circulating 
in blood can cross the blood capillaries and cell membranes and hence, is available for 
distribution, glomerular filtration and hepatic metabolism. 


Drug-protein binding interaction is a reversible process. As the free drug concentration 
in blood decreases, the drug-protein complex dissociates to liberate the free drug and 
maintain equilibrium. Therefore, a drug bound to protein is considered to be in temporary 
storage. Because of reversible binding of a drug to the proteins, free drug levels of a 
drug are maintained for a longer time in the blood. Accordingly, the biological half-life 
of highly protein bound drug is longer than that of a drug having a negligible or no protein 
binding. 
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3.5.2 Plasma Protein Binding and Drug Effects 


Free drug concentration in the plasma is responsible for the observed pharmacological 
effect or therapeutic response. Plasma drug concentrations are generally reported as 
the total drug concentration in the plasma, including both a protein-bound drug and an 
unbound (free) drug concentrations. The minimum therapeutic levels for most drugs listed 
in literature refer to the total drug concentrations in plasma or serum. In the past, because 
of difficulties in the measurement of free drug concentrations in plasma, the total plasma 
concentrations were used in the development of an appropriate drug dosage regimen for 
the patient. Presently, ultrafiltration of the plasma or serum enables an easy estimation 
of a free drug concentration in the plasma or serum. 


The total drug concentration of a drug that undergoes protein binding in the plasma 
is usually higher than in the ECF, cerebrospinal fluid, synovial fluid, lymph and other body 
fluids, since the protein concentration in these fluids is less than in the plasma. The 
concentrations of albumin in the plasma is about 4%. ECF and synovial fluids have about 
1g/100 mi. Normal CSF contains so little protein that it is often viewed as an ultrafiltrate 
of the plasma. The free drug in the plasma is in equilibrium with the drug in the CSF 
and hence, free drug levels of a lipid-soluble drug in plasma reflect the drug concentrations 
in the CSF. Elevation of albumin levels in the synovial fluid from patient with arthritis or 
other degenerative joint diseases has been observed. The total drug concentration in 
synovial fluid is a function of total albumin content. In a study it was observed that the 
ratio of total ibuprofen in the synovial fluid to that in serum correlated with the albumin 
concentration ratio. However, free drug concentration in synovial fluid was similar to the 
free serum levels. This indicates that an unbound drug can easily penetrate into the synovial 
fluid. 


Experimental results in rats suggest that the anticoagulant effect of warfarin is more 
nearly a function of its free rather than of its total concentration in the plasma. Similar 
results were observed for the anticonvulsant action of phenytoin. 


3.5.3 Protein Binding and Drug Elimination 


A free or unbound drug in the plasma is available for distribution, metabolism and urinary 
excretion. The relationship of reversible drug-protein binding in the plasma, drug distribution 
and elimination is depicted in Fig. 3.3. The driving force for drug excretion in urine is 
the free drug concentration in the plasma. The glomerular capillaries permit the passage 
of most of drug molecules but restrict the passage of plasma proteins and the drug-protein 
complex. Therefore, only free or unbound drug is filtered. The elimination half-lives of 
drugs which are excreted mainly by glomerular filtration, are generally increased when 
the percent of a drug bound to the plasma proteins is increased. If a drug is neither secreted 
nor reabsorbed by the tubules and is not protein bound, its renal clearance is a measure 
of the golmerular filtration rate (GFR). If a drug is protein bound, the renal clearance 
of the total drug in the plasma is less than GFR but the renal clearance of a free drug 
in the plasma is equal to GFR. 
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Fig. 3.3 Effect of Reversible Drug-Protein Binding Interaction on Drug Distribution, Metabolism, 
Urinary Excretion and Pharmacological or Therapeutic Effect. 


A protein bound drug is unable to enter the hepatocytes resulting in a reduced drug 
metabolism by the liver. In addition, the bound drug is not available as a substrate for 
liver enzymes or other enzymes thereby further reducing the rate of metabolism. In general 
drugs that are highly bound to plasma protein have reduced overall drug clearance. 


3.5.4 Clinical Significance of Drug-Protein Binding 


The fraction of a drug bound to the plasma protein can change with the dose of the drug 
administered and the patient’s plasma protein concentration. The plasma protein 
concentration is controlled by a number of variables. They are, 

e Protein synthesis 

e Protein catabolism 

e Distribution of albumin between intravascular and extravascular space 

e Excessive elimination of plasma protein, particularly albumin 

e A number of diseases, age, trauma, and related circumstances 

When a highly protein-bound drug is displaced from its binding site by a second 

drug or agent, a sharp increase in the free drug in the plasma may occur, leading to toxicity. 
With drugs that are not highly bound to the plasma proteins, a small displacement from 
the protein causes a transient increase in the free drug concentration, which may cause 


a transient increase in pharmacological action. Drug displacement from the protein by 
a second drug can occur by the competition of the second drug for similar binding sites. 
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Alteration of the protein structure by the drugs may also change the capacity of the protein 
to bind drugs. For example, acetylation of the lysine residue of albumin by aspirin changes 
the binding capacity of albumin for phenylbutazone. The displacement of endogenous 
substances from plasma proteins by drugs is usually of little consequence. However, in 
infants the displacement of bilirubin by drugs (e.g. NSAIDs) can cause mental retardation 
and even death due to the difficulty of bilirubin elimination in the new born. The nature 
of drug-drug and drug-metabolite interactions is also important in drug-protein binding. 


Practice Problem 


It was observed in patients that a new drug under investigation caused 5% displacement 
of oxazepam (95% bound) and phenobarbital (55% bound) from their respective binding 
sites. What are the consequences of these interactions ? 


Using the data in the given problem, the following table can constructed. 


in free drug 
Oxazepam 
Percent bound 95 90 
Percent unbound 5 10 +100 


Phenobarbital 
Percent bound 
Percent unbound 


For a highly bound drug, oxazepam, an increase of 5% in a free drug is actually 
a 100% increase in the free drug level in comparison with the initial drug level. For a 
weakly bound drug, phenobarbital, an increase of 5% free drug concentration is only a 
10% increase in the free drug level when compared to initial free drug level. For a patient 
treated with phenobarbital, a 10% increase in the free drug level would probably not effect 
the therapeutic outcome. However, for a patient medicated with oxazepam, a 100% increase 
in the free drug level may precipitate toxic effects of the drug. 


3.5.5 Kinetics of Protein Binding 


The kinetics of a reversible drug-protein binding can be described by the law of mass 
action. 
ei 


Drug + Protein === Drug-Protein-Complex 
or 

K, 

D: +P ~— > PD 3.1 
E 

K2 
At a dynamic equilibrium, the rates of forward reaction and backward reaction are 
equal. The D, is the free drug or unbound drug concentration and P, is the concentration 
of free protein. If the number of binding sites on the protein is one, then the molar 
concentrations of the bound drug and protein are equal (i.e., [PD] = [P,] = [D,]). K, and 

K, are the rate constants for association and dissociation, respectively. 
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According to law of mass action, the equilibrium association constant, Kas, can be 
expressed as the ratio of the molar concentration of the products and the molar concentration 
of the reactants. 


Kı _ _[PD]_ _ [Ds] a4 
K, = [Pr][De]  [Pp][DF] 

The magnitude of the Kas yields information on the degree of drug protein binding. 
Very large Kas indicates that the drug binds strongly to the protein and, hence, free drug 
concentration of such a drug is low. Therefore, a very large dose of the drug is required 
to achieve a reasonable therapeutic concentration of a free drug. 


Kas = 


The total drug concentration in the plasma, D,, is the sum of both bound and unbound 
drug concentrations. 


D, = De + Dg 3.3 
Similarly, P, = Pe +P, E 3.4 
P; = Pi- Pa 3.5 
Substituting the value of P, in equation 3.2, we get 
[Dg] 
Kas = ——_~-_—_- 3.6 
[Dr IP, ]- [P8 D) 
or 
[Dg] 
Kas = —_—___-__- 3.7 
[Dr ](P,]-[Ps) 
Since, [P] = [Da] 
However, if the protein contains ‘n’ number of binding sites, then, 
D 
a 3.8 


[Dr }(n[P,]-[Dg)) 


The degree of binding is frequently expressed as the bound-to-total concentration 
ratio. This ratio has limiting values of O and 1.0. Drugs with values greater than 0.9 are 
said to be highly bound. As stated previously, an unbound drug, rather than a bound 
drug, concentration is frequently important in therapeutics. Therefore, the fraction of the 
drug in the plasma unbound, fu, is of greater utility than the fraction of the bound. 


_ [Dy] _ [Dr 
[D,] [D;]+[Dg] 


For most of drugs, for a given amount of drug in the body, the greater the binding 
of the drug to the plasma proteins, the larger the total drug concentration in the plasma. 
One of the reasons in pharmacokinetic variability of a drug is due to variations in the extent 
of plasma protein binding. 


fu 3.9 
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The fraction of the unbound drug in the plasma, fu, depends on the total drug 
concentration, the protein concentration and the magnitude of Kas. In principle, the number 
of binding sites on a protein molecule is limited. Therefore, as the drug concentration 
in the plasma increases, the number of free sites on the protein decreases progressively 
and the fraction of free drug increases. Drugs with a high association constant and drugs 
that are given in large doses may exhibit concentration-dependent changes in the fraction 
of free drug in the plasma. In practice, however, the fraction of unbound drug in the plasma 
for most drugs administered in therapeutic doses is essentially constant over the entire 
drug concentration range ` 


3.5.6 Determination of Binding Sites and Binding Constants 


In order to study the protein binding nature of the drugs, a determinable quantity ‘r’ is 
defined, as follows: 


les of drug bound 
moles of drug boun 3.10 


~ total moles of protein 


Moles of a bound drug is equal to [PD] = [D,] and the total moles of protein 
[P] = [P,] + [PD], the Equation 3.10 becomes, 
_ [PD] 
[PD]+[Pr] 


But, according to Equation 3.2, [PD] = Kas [P+] [D,]. Substituting the value of [PD] 
in Equation 3.11, the following expression is obtained. 


3.11 


Kas [P;] [DF] 
= —KastPreMDel 3.12 
Kas[P;][D;]+ [P] i 
or 
pec aL 3.13 
1+ Kas{D,] 


Equation 3.13 describes the simplest situation, in which a drug and a protein interact 
at 1:1 ratio. Further, it is assumed that only one independent binding site for each mole 
of the drug is present on the protein molecule. If there are “n” identical independent binding 
sites are present per protein molecule, then the following equation is used. 


_ nkKas[Dp] 


3.14 
1+ Kas[D;] 


Protein molecules may contain more than one type of binding sites on which the 
drug molecules can bind with different association constants. For example four different 
sites on human albumin have been identified for drug-binding, namely, warfarin and 
azapropazone binding site (Site 1), diazepam binding site (Site 2), digitoxin binding site 
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(Site 3) and tamoxifen binding site (Site 4). Dicoumarol binds primarily at Site 1 and 
secondarily at Site 2. In such cases, Equation 3.14 expands to the following: 


_ n K [Dr] p n> K, [DF] 


= 3.15 
1+K, [DF] 1+K, [Dr] 


Where, the numerical subscripts represent different types of binding sites and their 
respective number and association constants. 


The assumptions made in developing these equation are : 
e Drug molecules bind to the protein at independent binding sites. 
e The affinity of a drug for one binding site does not influence binding to other sites. 


e The number and association constants are different for different types of binding 
sites. 


In reality, drug-protein biding sometimes exhibits a phenomencn of cooperativity i.e. 
the binding of the first drug molecule at one site on the protein molecule influences the - 
successive binding of other drug molecules. The binding of oxygen to hemoglobin is an 
example of cooperativity. 


In vitro Methods 


In general, purified albumin is used in the kinetic study of protein binding since most of 
the drugs bind to albumin. It is possible to determine experimentally both the free drug, 
[D,] and the bound drug, [Dg] or [PD], as well as the total protein concentration ( [P] 
+ [PD)). 


1. Direct Plot Method: Equation 3.14 shows that as a free drug concentration increases, 
the number of moles of the drug per mole of the protein become saturated and reach 
a plateau. Therefore, a direct plot of the r verus [D,] can be used to find out the number 
of binding sites on protein ‘n’ (plateau value). Association constant, Kas, is obtained 
by finding the drug concentration required to saturate the half of the total binding sites 
available (i.e. n/2). See Fig. 3.4. 


f 1/Kas 


free drug concentration(D,) 


Moles of drug bound per mole of protein (r) 


Fig. 3.4 Direct plot of r versus (D,) 
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2. Double Reciprocal Plot: Equation 3.14 can be linearized by rearrangement and the 
resultant linear equations are useful for determining the number of binding sites and 
association constants by graphical method. The reciprocal of Equation 3.14 gives the 
following equation. 


_ 1+Kas[D;] 


n Kas [Dy] oe 


11 


= ————__— + L 3.17 
r nKas[D;] n 

A plot of 1/r versus 1/[D,] is called a double reciprocal plot (Fig. 3.5). Equation 3.17 
is like a straight line equation with an intercept (i.e. y = mx + c). Therefore, a number 
of binding sites may be determined from y intercept, and the association constant may 
be obtained from the slope. Failure to obtain a straight-line by a double reciprocal plot 
indicates the complex nature of drug-protein binding. 


1(D,) 
Fig. 3.5 Double reciprocal plot for the determination of number of binding sites and associated 
constant. 


3. Scatchard Plot: Scatchard plot is a rearrangement of Equation 3.14 and it spreads 
the data to give a better line for the estimation of the binding sites and binding constants. 
Rearrangement of Equation 3.14 yields, 

_ n Kas[D;] 
l+ Kas[D;] 

r Kas [D;] = n Kas [D;] 

n Kas [D,] - r Kas [D,] 


— 
+ 


Ii 


[D;] = n Kas - r Kas 3.18 
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A graph obtained by plotting r/[D,] versus r gives a straight line with x and y intercepts 
equal to n and n Kas, respectively, and the slope is equal to Kas (Fig. 3.6). 


Slope = Kas 
1/(D,) 


Fig. 3.6 Scatchard plot for the determination of number of binding sites on protein (n) and 
association constant (ka) of drug-protein binding. 


Curvilinear scatchard plot indicates that the drug-protein binding is not equimolar 
and more than one binding site is present for the drug on the protein. The binding of 
salicylic acid and dicoumarol are examples where more than one binding site is involved 
(Fig. 3.7). In these cases, there are at least two different, independent binding sites (n, 
and n,), each with its own independent association constant (K, and K,). Equation 3.15 
best describes this type of drug-protein interaction. 


Fig. 3.7 Curvilinear scatchard plot showing more than one type of binding site. 


In vivo Methods 


A double reciprocal plot and scatchard plots can be used for the estimation of binding 
sites and association constants even when the exact nature and amount of protein is not 
known. The fraction of the drug bound, fb, can be determined experimentally and is equal 
to the ratio of the concentration of the bound drug, [D,] and the total drug concentration, 
[D,], in the plasma. 
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[Dg] 
fb = ——~ 3.19 
[D,] 
Now, the value of r can be calculated using the following equation. 
D Kas[D 
p= [Pe] _ sKas[Dp] 3.20 


[P]  1+Kas[D,] 


Rearrangement of this equation gives the following expression, which is analogous 
to the scatchard equation. 


(Dal _ kas P, — Kas [De] 3.21 
[DF] i 3 l 
It is possible to determine the free and bound drug concentrations in the plasma 
experimentally. A plot of [D,J/[D,] versus [D,] gives a straight line whose slope is equal 
to the association constant, Kas. The values obtained for n and Kas give a general estimate 
of the affinity and binding capacity of the drug, as the plasma contains a complex mixture 
of proteins. In addition, estimation of the total protein content of the plasma may be used 
for understanding the nature of the drug-protein binding. 


3.6 Drug Binding to Tissue and Other Macromolecules 


Certain drugs may bind to specific tissue proteins in addition to plasma proteins. They 
may also bind to other macromolecules such as melanin or DNA. The higher the binding 
of a drug to the tissue or other macro molecules, the lower will be the plasma concentration 
of the drug. This results in an increased apparent volume of distribution. 


Drug binding to tissue is poorly understood because of difficulties in performing such 
studies. Unlike plasma protein binding, tissue binding of a drug can not be measured 
directly. The tissue must be disrupted, resulting in the loss of its integrity. However, tissue 
binding studies are important in understanding the distribution of drugs. 


Few studies have been carried out using animal tissue. Tissue binding has no 
significant effect on drug clearance, but increases the residence time of drug in the body. 
A decrease in tissue binding decreases the half-life of a drug. The role of tissue binding 
in the pharmacological effects of drugs is yet to be known. 


3.7 Apparent Volume of Distribution 


The apparent volume of distribution, Vd, is frequently used to estimate the extent of drug 
distribution in the body. The apparent volume of distribution has no physiological meaning. 
There is usually a considerable difference between the apparent volume of distribution 
of a drug and the actual volume in which it distributes. The apparent volume of distribution 
is simply the ratio between the amount of drug in the body and the drug concentration 
in the blood. Therefore, depending on the ability of drug to distribute to various tissue, 
the degree of protein binding and tissue binding of the drug, the volume of distribution 
of the drug may range from 3 litres/70 kg body weight to 40,000 litres/70 Kg body weight 
or more, a value far in the excess of the total body size. 
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Fig. 3.8 Various body fluids volume in liters in a healthy adult weighing 70kg 


Fig. 3.8. shows the volumes of different body fluids. Total body water (TBW) may 
be divided into 3 compartments; blood, extra-cellular fluid and intracellular fluid. Total body 
water is about 60% of total body weight. TBW in a normal adult weighing 70 Kg is about 
42 litres, in which plasma water, ECF and intracellular water constitute 7%, 36% and 57%, 
respectively. 


The volume of plasma water, ECF and intracellular fluid can be determined 
experimentally using tracer compounds which show negligible protein and tissue binding 
and distribute in specific fluids. Certain dyes, such as Evans blue, are essentially confined 
to the circulating plasma and can be used to determine the plasma volume and also blood 
volume, if the haematocrit value is known. Certain substances distribute rapidly throughout 
the ECF, but do not cross cell membranes (e.g., chloride and bromide ions). Therefore, 
they may be used to estimate the extra-cellular water volume. Certain lipid-soluble 
compounds without binding or with negligible binding such as antipyrine, or duteriated water 
(D,O) can be used to estimate the total body water. The important points to be considered 
in the estimation of volumes of the body water are: 

1. the protein binding and tissue binding nature of the tracer used (i.e., the extent of 
binding of the tracer to a particular macromolecule), and 
2. the distribution pattern of the tracer in the specific body compartment or compartments. 

The concentration of a drug in the blood or plasma is used to estimate the apparent 
volume of distribution. Hence, the apparent volume of distribution of a drug depends on 
the ability of the drug to cross biological membranes, protein binding and tissue binding 
of the drug. If a drug is preferentially bound to plasma proteins, the apparent volume 
of distribution is smaller than the real volume of distribution. On the other hand, preferential 
binding of drugs at extra-vascular sites results in an apparent volume of distribution larger 
than the true volume of distribution. Therefore, the volume of distribution is a function 
of four major factors: 

1. the size of the organ into which the drug distributes. 
2. the partition coefficient of the drug between the organ and circulating blood. 
3. the blood flow to the distributing organs and 


4. the extent of binding of the drug both in blood and in various tissues. 
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Apparent volume of distribution, Vd is calculated using the following equation. 


Vd = Amount of drug in the body at equilibrium _ X 3.22 
Plasma drug concentration Cp ` 


If plasma volume, Vp and apparent volume of distribution of the drug, Vd are known, 
the fraction of the drug in plasma and outside the plasma (extracellular and intracellular 
fluids) can be estimated. Note that the amount of drug in plasma is Vp Cp and the amount 
of the drug in the body is Vd Cp. Therefore, 


V 
Fraction of drug in plasma = z 3.23 


Similarly, 


Fraction of the drug in the body outside the plasma including blood cells is 
given by, 


l l l (Vd - Vp) 

Fraction of drug in body outside plasma = va 3.24 

The above equations are developed without considering the binding of the drug in 
the blood. Within the blood, the drug can bind to many components including blood cells 
and plasma proteins. Therefore, drug molecules in blood can exist in a bound form (drug 
bound to blood cells and plasma proteins) and in unbound form (as soluble form in plasma 
water). As a consequence of binding, the concentration of the drug in whole blood (Cb), 
in plasma (Cp) and in plasma water as a free drug (Cf) can differ significantly. Remember 
that Cb>Cp>Cf. Now, it is possible to define different volumes of distribution of a drug. 
The unbound or free drug volume of distribution, Vf, is given by, 


Vf = = 3.25 


Similarly, whole drug in blood volume of distribution, Vb can be written as, 


Vb = La 3.26 
~ Cb 
and the volume of distribution of the drug based on its plasma concentration is Vd. 
X 
Vd = Cp 3.27 


As the amount of a drug in the body is independent of the site of measurement, 
it follows from equations 3.25, 3.26 and 3.27 that 


Vd Cp = Vb Cb = Vf Cf 3.28 


The values of these volume terms can differ markedly for a given drug. The term 
most often quoted in the literature is based on the measurement of a drug in the plasma 
(i.e. Vd). - 
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Free drug concentration, rather than bound or total drug concentration is frequently 
more important in therapeutics. Therefore, the fraction of drug in plasma unbound, fips 


= — 3.29 


The fraction of a drug in the body located in the plasma depends on its binding 
to both the plasma and tissue components, as shown schematically in Fig. 3.9. A drug 
may have a great affinity for plasma proteins, but may still be located in the tissue if the 
tissue has an affinity even greater than that of plasma protein binding. 


Plasma Bound drug Tissue Bound drug 


I I 


Unbound drug Unbound drug 


Fig. 3.9 Equilibrium between the unbound drug in plasma and in tissue compartments. 
Tissue binding may be inferred from measurement of drug binding in plasma. Consider 
the following mass-balance equation. 
Amount in body = Amount in plasma + Amount in outside plasma 
Vd.Cp = Vp.Cp + Vt .Ct 3.30 


Where, Ct is the total drug concentration in the tissue and Vt is the aqueous volume 
outside of the plasma. Dividing the Equation 3.30 by Cp, 


Vd = Vp + vt & 3.31 
Cp 
The fraction of the unbound or free drug in the tissue, fẹ is given by, 


3.32 


Where, Ca = free drug concentration in the tissue. 


It can be seen from the Fig. 3.9 that at equilibrium the unbound drug concentration 
in both plasma and the tissue are equal (i.e. Cf = C,). Therefore, 


fa Ct 
T 3.33 
fy Cp 


Substituting Fup! fur in the place of Ct/Cp in Equation 3.31, 


fu 
Vd = Vp + Vt ae 3.34 


ut 
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It is possible to develop appropriate equations for the calculation of various parameters 
for a normal adult weighing 70 kg and having normal physiological fluid volumes 
(Table 3.2). 


Table 3.2 Approximate Equations for the estimation of Various Parameters Related to Drug 
Distribution in a 70-kg Healthy Adult. 


Fraction of Drug in Body Approximate Equation 


3N: 
Outside plasma - (Vd - 3)/Vd 


d 
42 fip 
Unbound in body water 
y Vd 
15 fup 
Unbound in extracellular fluids Vd 


7.5(1+fyp) 
Vd 


In extracellular fluids 


Vd-7.5(1+fyy) 


Out side extracellular fluids 
Vd 


Bound to proteins in plasma 3 typ) 
p p Vd 
7T.50- fap) 


Bound to extracellular proteins Vd 


(Vd -35) (fy - 7.5) 


Bound outside the extracellular fluids (in tissues) Vd 


Practice Problem 


An in-vitro protein binding study was conducted for a new anticancer drug and the following 
data were obtained. Determine the number of binding sites (n) and the association constant 
(Kas) from the given data using the Scatchard equation. 
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Answer: 
Step 1: The Scatchard equation is given by, 


r 


—— =n Kas —r Kas 
[Dr] 


Therefore, calculate the values for r/[D,] 


Step 2: Plot a graph of r/[D,] versus r on rectangular coordinates. Join the points to get 
a Straight line and extend the line to get the x and y intercepts. The X and Y intercepts 
yield n and n Kas respectively. The slope of the line is equal to Kas. 


n Kas = 15 x 104 


t(D.) Slope = 0.75 x 10* 


f: 


Kas can also be calculated from y intercept. The y intercept = n Kas = 1.5 x 10* and n= 2 
Therefore, Kas = 1.5 x 104/2 = 0.75 x 104 
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Likely Questions 


1. 


DauN 


What are the important physicochemical properties of the drugs that limit their 
distribution? 


How plasma pH influences the duration of action of phenobarbital? 

List the physioldgical factors that affect the drug distribution. 

Explain the permeability rate-limited and perfusion rate-limited drug distribution. 
Drug distribution depends both on pKa and Ko/w. Explain. 


Why intravenous administration of thiopental causes a quick on set of action and 
a rapid termination of action? 


The Ko/w of thiopental and barbital are 3.3 and 0.002, respectiviey. The unionized 
fraction of both the drugs is 0.6 at pH 7.4. Comment on their distribution panenn: 


Explain the Fick’s law of diffusion. 


What do you mean by hydrostatic pressure and absorptive pressure in drug 
distribution? 


. Drug concentration in the CSF is a measure of free drug concentration in plasma. 


What is your comment on this statement? 


. With the help of a diagram, explain a drug transport across the blood-brain barrier. 
. What are the reasons for directional transport across the blood-brain barrier? 

. Why levodopa, a prodrug of dopamine, is used in the treatment of Parkinsonism? 
. Explain the blood-cerebrospinal fluid barrier. 

. Write a note on (a) Placental barrier (b) Blood-testis barrier. 

. Why chronic administration of drugs to pregnant women is not advisable? 

. Why a protein bound drug is both pharmacokinetically and pharmacodynamically 


inactive? 


. List the various components of blood to which drugs normally bind. 

. Why is plasma albumin considered an important protein for drug binding? 

. What is the influence of protein binding on drug distribution? 

. Write the effect of protein binding on drug action. 

. Draw a diagram that shows the influence of protein binding on drug distribution, 


pharmacological action, biotransformation and excretion. 


. What is the influence of plasma protein binding on apparent volume of distribution 


of drugs? 


. How is the plasma protein concentration controlled? 
. Why the displacement of a highly protein bound drug from its binding sites by a second 


drug precipitate toxic effects? 


. Derive an equation for the fraction of the unbound drug in the plasma, f? 


» ‘up’ 


. Give an equation that accounts for more than one type binding site on the protein? 
. What is a double reciprocal piot? 
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29. 


30. 
31. 
32. 
33. 
34. 
35. 


36. 


37. 


How is the Scatchard plot useful in determining the number of binding sites and 
association constants? 


If the Scatchard plot is curvilinear, what it suggests? 

How will you determine the different types of binding sites and association constants? 
Write a note on in-vivo method for the estimation of n and Ka. 

How will you determine volumes of different body fluids? 

What are the factors that influence the apparent volume of distribution of drugs? 


Which of the drugs listed below might be predicted to cause an adverse response 
due to the concurrent administration of a drug that causes 85% displacement of them 
from their respective binding sites? Why? 


(brug | Percent Bound 


Chloramphenicol 
Phenytoin 
Erythromycin 
Morphine 


Explain why the plasma concentration of free naproxen increases in a patient with 
a chronic alcoholic liver disease and probably other forms of cirrhosis; whereas, the 
total plasma drug concentration decreases. Percent of naproxen bound to plasma 
proteins is greater than 99. 

The volume of distribution of drugs A, B and C are 10, 40 and 300 litres, respectively. 
Determine the percent unbound drug present outside plasma. 
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Drug elimination means irreversible removal of the drug from the body by all possible 
routes of elimination. Elimination occurs by excretion and metabolism. Drug excretion 
refers to the removal of unchanged drug (intact drug). For most drugs, excretion occurs 
predominantly via kidneys. Some drugs, like gentamycin or cephalexin, are eliminated 
from the body almost entirely by renal excretion. Gaseous anesthetics, or volatile substances 
are excreted via lungs into expired air, Other minor pathways for drug excretion may include 
the excretion of the drug into the bile, sweat, saliva, milk or other body fluids. 


Drug metabolism or biotransformation is the major mechanism for ‘elimination 
of drugs from the body. Metabolism is the process by which the drug is chemically modified 
in the body and the end product of this modification is called metabolite. Generally, the 
liver is the major and some times only, site of drug metabolism. However, a drug may 
be metabolized extensively in one or more other tissues, such as kidneys, lungs, blood, 
skin and gastrointestinal wall. Biotransformation is usually enzymatic, but some drugs may 
be metabolized by non-enzymatic processes. Enzymes responsible for the metabolism 
of drugs are mainly located in the liver. 


4.1 Renal Excretion 


The basic anatomic unit of renal function is the nephron. There are 7 to 1.5 million nephrons 
in each kidney and are collectively responsible for the removal of metabolic waste and 
the maintenance of water and electrolyte balance. The basic components of a nephron 
are the glomerulus, proximal tubule, loop of Henle, distal tubule, and collecting tubule 
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(See Fig, 4.1). All collecting tubules are connected and finally comes out as ureters form 
each kidney and are opened into the urinary bladder. 


Glomerales 

Efferent arteriole 
Proximal convoluted 
bubale 
F 


Afferent anericle 


Distal convoluted 
tubule 


Glomerular capsule 


Branch of renal artery 


Branch of renal wein 


Medullary loop 
(Loop of Heale) == Collecting tubule 


Fig. 4.1 Diagram of a nephron including the arrangement of the blood vessels 


Approximately, 20 to 25% of the cardiac out put or 1.2 liters to 1.5 liters of blood 
per minute go to the kidneys. About 10% of this volume is filtered at the glomeruli, Therefore, 
about 120 mil of plasma water is filtered each minute. The rate at which plasma water 
iS filtered, 120 mifmin in a 70-Kg 20-year-old man, is conventionally called the glomerular 
filtration rate, GFR. 


The pores of glomerular capillaries are sufficiently large to permit the passage of 
compounds with molecular weights less than 20000 g/imole. Therefore, most of the drugs 
and even small proteins such as insulin and myoglobin can pass through the capillaries easily. 
Compound having molecular weight greater than 20,000 g/mole find difficulty in passing 
through the capillaries. Indeed, virtually no albumin (molecular weight 69,000 g/mole) is 
normally found in the ultrafiltrate, Accordingly, only an unbound or free drug in plasma 
water is filtered but not a protein bound drug. 


Taking normal GFR as 120 ml/min into consideration, about 180 litres of fluid is filtered 
through the kidneys per day. However, 1 to 1.5 L is excreted as urine and the remainder 
is absorbed in the renal tubules. Renal tubules reabsorb not only the water but also various 
electrolytes and essential nutrients, Reabsorption of water results in high urinary 
concentrations of certain solutes, including drugs that are not reabsorbed in the renal 
tubules. As a result, high amounts of metabolic wastes such as urea, phosphate, sulfate, 
etc., and drugs and their metabolites are excreted through urine. 
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The essential nutrients and water are reabsorbed at various sites including the proximal 
tubule, loop of Henle, and distal tubules. Both active reabsorption and secretion mechanisms 
are involved. in the case of drugs, an unionized, lipid soluble drugs are reabsorbed rapidly 
and extensively, whereas polar drugs and ions are not reabsorbed. 


Some drugs such as penicillin G are excreted into the renal tubule by active tubular 
secretion. Therefore, the renal excretion of a drug is a complex phenomenon involving 
one or more of the following processes: glomerular filtration, active tubular secretion, and 
passive reabsorption. 


4.2 Renal Blood Flow 


The renal blood flow (RBF) is the volume of blood flowing through the renal vasculature 
per unit time. The renal blood flow can be determined by estimating the renal clearance 
of paraaminohippuric acid (PAH). PAH is poorly lipid soluble, it does not penetrate 
erythrocytes, it is not reabsorbed from the tubules, and more importantly it is completely 
filtered in the glomerulus in a single pass through the kidneys. Therefore, the renal clearance 
of PAH is a measure of the renal plasma flow rate (RPF). Another compound used for 
this purpose is iodopyracet (Diodrast). The renal plasma flow rate (RPF) and renal blood 
flow rate are related as given below, 


RPF = RBF - (RBF x Hct) 4.1 


Where, Hct is the hematocrit. Hematocrit is the fraction of blood cells in the blood 
and is about 0.45. Normally, blood celis constitute 45% of the total blood volume. 


RPF = REF (1 x Hct) 4.2 


Normal RPF can be calculated based on the normal values of RBF (1.2 L/min.) and 
hematocrit (0.45). According to equaiton 4.1, 


RPF = 1.2 - (1.2 x 0.45) = 0.66 L/min. or 660 ml/min. 


Accordingly, the renal clearance of PAH is a measure of renal plasma flew rate (600- 
700 mi/min.). 


4.3 Renal Clearance 


Drug present in the body is subjected to elimination by all possible pathways of elimination. 
Drug elimination can be expressed as the amount eliminated per unit time. Consider that 
100 mg of a drug is administered as |.V.bolus. Suppose that the volume of distribution 
of the drug is 10 L. The blood concentration will be 10 ug/ml at zero time. The blood 
concentration after 1 hour is found to be 8 pg/ml. It means, 20 mg of drug [(10 ug/ml 
x 10 L) - (8 ug/ml x 10 L)] is eliminated per hour. The rate of elimination of the drug 
is expressed in terms of the volume of fluid cleared of the drug per hour i.e., 20 mg of 
drug is equivalent to 2 L of volume of the fluid in which the drug is initially distributed. 
Therefore, drug clearance is equal to 2 L/hour. 


Drug clearance is defined as the volume of the fluid cleared of the drug per unit 
time. Similarly, renal clearance is defined as the volume of plasma that is completely cleared 
of drug per unit time by kidneys. This concept may be applied to any organ that eliminates 
the drug (e.g. hepatic clearance, biliary clearance). Renal clearance, (Clp), often constitutes 
a significant fraction of the total drug clearance (Cl). 
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For drugs that are eliminated solely by the renal route, the Cl, = Cl, 


The rate of urinary excretion of a drug by filtration is proportional to its plasma free 
drug concentration. 


a C 4.3 
dx, 
a 7 Cre 4.4 
dx, /dt 
Cl, = — 4.5 
R c 
Where: 
dx,/dt= instantaneous rate of urinary excretion of the drug 
C = plasma concentration of unbound the drug 
Clk = renal clearance of unbound drug 


It is difficult to practically obtain an instantaneous rate of excretion of the drug, dx, / dt. 
Therefore, an average rate of excretion of the drug during a time period (AXu/At) and 
plasma concentration of the drug at the mid point of urine collection (C’) are used to calculate 
renal clearance of the drug. 


AXu/At 
Cię = a 


4.3.1 Determination of GFR 


In order to determine glomerular filtration rate (GFR) of an individual, a compound having 
following characters is required. 


1. It should not bound to plasma proteins or to any other macromolecules. 
2. It should not be either secreted or reabsorbed across the renal tubules. 


Creatinine, the endogenous end product of creatine metabolism and inulin, 
polysaccharide, meet the above requirements, Therefore, the renal clearance of inulin 
or creatinine is a measure of the glomerular filtration rate (GFR). Under normal conditions, 
GFR is relatively stable and insensitive to changes in the renal blood flow. 


4.3.2 Renal Clearance of Drug and GFR 


The renal clearance of a drug relative to GFR provides information on the mechanisms 
of renal excretion. Renal clearance of a drug just by glomerular filtration may be estimated 
from the fraction of free drug in the plasma. The product of GFR (120 ml/min.) and the 
fraction of free drug or unbound drug in the plasma is the renal clearance of the drug 
by filtration. Renal clearance values, calculated as above, exceeding 120 ml/min are 
indicative of tubular secretion. Expected renal clearance of penicillin G, taking the fraction 
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of free drug in the plasma (0.4) into consideration, is 48 ml/min. But the renal clearance 
of penicillin G (500 ml/min.) exceeds the expected value (48 ml/min.). This is because 
of tubular secretion of penicillin G. 


Renal clearance values that are below 120 mi/min., even when the degree of plasma 
protein binding is taken into consideration, are indicative of tubular reabsorption. The 
drug, phenytoin, undergoes protein binding. The renal clearance of phenytoin (5 ml/min.) 
is less than the expected (50 mi/min.), indicating tubular reabsorption. 


The other way of comparing drug renal clearance and GFR is the calculation of 
clearance ratio. Clearance ratio is the ratio of drug renal clearance to the renal clearance 
of inulin (i.e., GFR). A clearance ratio less than 1 indicates that the drug probably undergoes 
tubular reabsorption. A clearance ratio greater than 1 indicates the existence of tubular 
secretion, and the renal clearance ratio is equal to 1 means the drug is excreted by filtration 
only (not always true, see below). 


Although renal clearance of drugs give some insight into the mechanisms of renal 
excretion, conclusions can not be drawn just based on these values. The renal clearance 
of a drug is a net result of the possible processes involved in the excretion of that drug. 
Secretion and reabsorption have opposite effects on renal clearance. For example, 
sulfisoxazole undergoes tubular secretion and reabsorption in a man but to the similar 
extent. Therefore, the renal clearance of sulfisoxazole will be equal to the expected value, 
and leads to the wrong conclusion that the drug is excreted only by filtration. Therefore, 
relative magnitudes of each process influence the renal clearance of a drug. From a 
physiological point of view, renal clearance may be considered as the ratio of the sum 
of the glomerular filtration and active secretion rates less the reabsorption rate divided 
by the plasma drug concentration. 


_ filtration rate + secretion rate - reabsorption 


Cl ; 
plasma drug concentration 


Tubular Secretion 


Tubular secretion is an active transport process by which drugs diffuse against concentration 
gradient from the blood to the renal tubule and requires an energy input for the process 
to occur. The process exhibits some degree of structural specificity and hence, drugs 
with similar structures may compete for the same carrier system. Carrier systems exist 
for secreting weak acids (anions) such as thiazide diuretics and bases (cations) such as 
triamterene, including quaternary ammonium compounds from the plasma into the tubular 
lumen. The secretory processes are located predominantly in the proximal tubule. The 
carrier system is capacity limited and may be saturated. 


Protein binding influences the elimination of a half-life of the drug that is excreted 
solely by glomerular filtration. In contrast, protein binding has very little effect on elimination 
of a half-life of a drug excreted mostly by active secretion, because there is a rapid transport 
of the unbound drug (free drug) and rapid dissociation of the drug-protein complex. For 
example, dicloxacillin, although extensively bound to the plasma protein and not subject 
to hepatic metabolism, is rapidly eliminated by active secretion. 
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Competitive inhibition of secretion of one drug by another is observed with an active 
transport process and this character has been used to prolong the half-life of drugs like 
penicillin that are eliminated to a considerable extent by tubular secretion. Probenecid, 
a weak organic acid, competitively inhibits the tubular secretion of penicillin G and other 
penicillins. Probenecid has been used clinically to increase the duration of action of 
penicillins. 


Tubular Reabsorption 


Drugs reach the renal tubule either by glomerular filtration or by both glomerular filtration 
and active secretion. Most drugs are subject to tubular reabsorption. The tubular 
reabsorption of drugs is usually a passive process, while the essential nutrients such as 
glucose are reabsorbed by active process. Depending on the extent of reabsorption, drugs 
may have renal clearance values of zero (for drugs that are completely absorbed), less 
than the GFR if the drug enters the tubules only by filtration, or more than the GFR if 
the extent of reabsorption is less than tubular secretion plus the GFR. The renal tubule 
membranes favor the transport of lipid-soluble drugs. Drugs that are poorly lipid-soluble 
or ionized are poorly reabsorbed. 


The reabsorption of weak acidic or weak basic drugs is influenced by the pKa of 
a drug and the pH of the fluid in the renal tubule (i.e., urine pH). Both these factors together 
determine the proportions of both ionized and unionized forms of the drug. In general, 
the unionized form of a drug is more lipid soluble than the ionized form and penetrates 
the lipoid membranes easily. Therefore, the relative proportion of the unionized form of 
a drug decides the rate and extent of reabsorption of the drug from the renal tubules 
back into the body. Tubular reabsorption of drugs is usually a passive process. 


The pH of the blood is maintained at 7.4, the pKa of a drug is constant but the normal 
urine pH may vary from 4.5 to 8.0. Urine pH is affected by diet, pathophysiology of the 
kidneys and drug intake. Diets rich in carbohydrate will result in a higher pH, whereas 
diets rich in protein content will result in a lower urinary pH. Respiratory or metabolic acidosis 
produces acidic urine while respiratory or metabolic alkalosis produces alkaline urine. Drugs 
such as ascorbic acid and antacids such as sodium bicarbonate produce acidic urine and 
alkaline urine respectively, when administered in large quantities. Diurnal variation in the 
pH of the urine is observed, i.e., urine pH is relatively low during sleep, but increases after 
awakening. 


Even though reabsorption of filtered solutes takes place from both proximal and distal 
tubules, reabsorption of drugs takes place mainly from distal tubules. Therefore, urine 
pH is assumed to be equal to the pH of the site of reabsorption in renal tubules. Since 
the weak acidic drugs mainly exist in a unionized form in acidic pH, the reabsorption of 
weak acidic drugs is expected to be higher in acidic pH. Consequently, the renal clearance 
of weak acidic drugs is low in acidic pH and high in alkaline pH. Similarly, weak basic 
drugs are reabsorbed in alkaline urine pH and eliminated in acidic urine pH. 


The pKa of the drug is also one of the determinants of renal clearance. Relatively 
strong acids and bases exist completely in ionized form over the entire pH range of the 
urine and hence show little tubular reabsorption. Weak acidic drugs and weak basic drugs 
exhibit pH-dependent tubular reabsorption in the critical range of pKa values. The critical 
range of pKa values for weak acidic drugs is 3.0 to 7.5 and for weak basic drugs is 7.5 to 10.5. 
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Active Tubular Reabsorption 


As stated earlier in this chapter, most of the drugs are reabsorbed from the renal tubules 
by passive processes, but there are some exceptions to this general statement. Uric acid 
is thought to be reabsorbed by an active transport system since its reabsorption is found 
to be inhibited by uricosuric drugs. Capacity-limited renal elimination of riboflavin suggests 
that this vitamin undergoes reabsorption by an active process. Lithium and fluoride appear 
to undergo active tubular reabsorption. 


44 Hepatic Elimination of Drugs 
4.4.1 Anatomy and Physiology of the Liver 


The liver is located in the right side of the abdominal cavity. It consists of large right and 
left lobes that merge in the middie. The liver is perfused by the blood from both the hepatic 
artery and large hepatic portal vein. The hepatic artery carries oxygen to the liver and 
accounts for about 25% of the blood supply. The hepatic portal vein that collects blood 
from various segments of the GI tract carries nutrients and accounts for about 75% of 
the liver blood flow (Fig. 4.2). 


Gall bladder and liver 


y Liver 
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l 
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Part of large intestine 


Intersor mesenteric vein 


Part of small intestine 


Fig. 4.2 Blood flow to the liver. Blood collected from GIT to liver. 
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The liver is organized in lobules, within which blood flows past hepatic cells via sinusoids 
from branches of the portal vein and also the hepatic artery to the central vein of each 
lobule (Fig.4.3). The endothelium of the sinusoids has large fenestrations, and the plasma 
is in close contact with liver cells (Fig. 4.4.). There is usually only one layer of hepatocytes 
between sinusoids, so the total area of contact between liver cells and plasma is very 
large. The central veins coalesce to form the hepatic vein. Blood leaves the liver via 
the hepatic vein, which empties into the inferior vena cava. The average transit time for 
blood across the liver lobule from portal venule to the central vein is about 8.4 seconds. 
Numerous macrophages called Kupffer cells are anchored to the endothelium of the 
sinusoids and project into the lumen. Kupffer cells are phagocytic tissue macrophages 
that are part of the reticuloendothelial system; they engulf wornout red blood cells and 
foreign material, 


Each liver cell is also apposed to several bile canaliculi. The canaliculi drain into 
intralobular bile ducts, and there coalesce via interiobular bile ducts to form the right and 
left hepatic ducts. These ducts join outside the liver to form the common bile duct. The 
cystic duct drains the contents of the gallbladder. The hepatic duct unites with the cystic 
duct to form the common bile duct. The common bile duct enters the duodenum at the 
duodenal papilla. Its orifice is surrounded by the sphincter of Oddi and it usually unites 
with the main pancreatic duct just before entering the duodenum. 


Hepatic portal vein 
Hepatic artery 


Bile ductile 


Fig. 4.3 Organization of blood flow in the liver. 


The principle functions of the liver are several including detoxification of many drugs 
and toxins. The liver is the major organ responsible for drug metabolism. However, intestinal 
tissues, kidneys, lungs and the skin also contain appreciable amounts of biotransformation 
enzymes. 
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Fig. 4.4 A magnified transverse section of liver lobules. 
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4.5 Drug Metabolism 


Drug metabolism or biotransformation refers to the biochemical (enzymatic) conversion 
of a drug to another chemical form. Biotransformation is usually enzymatic, but some of 
the drugs may be chemically changed by a non-enzymatic process, as in the case of ester 
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hydrolysis. Several of the transformations occur in the endoplasmic reticulum of the liver 
and of certain other tissues. On homogenizing these tissues, the endoplasmic reticulum 
is disrupted with the formation of small vesicles called microsomes. For this reason, 
metabolizing enzymes of the endoplasmic reticulum are called microsomal enzymes. Drug 
metabolism, therefore, may be classified as microsomal and non-microsomal. 


The pathways of metabolism may be divided into two major groups of reactions, 
Phase | and Phase Il reactions. Phase | or synthetic or functionalization reactions occur 
first and introduce or expose a functional group on the drug molecule. Phase I! or synthetic 
of conjugative reactions involve conjugation of endogenous substances with the drug 
molecule via functional groups. A list of major reactions is presented in Tabel.4.1. 


Table 4.1 Reactions Classed as Phase | or Phase || Metabolism 


Oxidation (microsomal) Conjugation with Sugars 
Aromatic Hydroxylation (a) Glucuronidation 
Aliphatic Hydroxylation O-Glucuronides 
Epoxidation N-Glucurenides 
H-Dealkylation ib) Conjugation with other sugars 
O-Dealkylation Sulfation 
5-Dealkylation Methylation 
Oxidative deamination Acetylation 
N-oxidation Amino Acid conjugation 
5-oxidation Glutathione conjugation 
Phosphothionate omidation Fatty acid conjugation 
Dehalogenation Condensation reactions 


Oxidation (non-microsomal) 
Alcohol Dehydrogenase 
Aldehyde Ooodation 
Xanthine Oxidase 
Amine Onidases 
Alkylhydrazine Oxidase 
Aromatases 


Reduction 
Azo reduction 
Nitro reduction 
Reductive dehalegenation 


| Hydrolysis 

| Ester hydrolysis 
Amide hydrolysis. 
Hydrazine and Carbamate Hydrolysis 


Hydration 
| Other minor reactions as 
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Although important exceptions exist, most biotransformations result in metabolites 
that are polar and considerably less active than the parent compounds. A lipid-soluble 
drug crosses cell membranes and is easily reabsorbed by the renal tubular cells, exhibiting 
a tendency to remain in the body. The conversion of a lipid-soluble drug to a more polar 
metabolite enables the drug to be eliminated more quickly than if the drug remains a lipid- 
soluble. The apparent volume of distribution of a metabolite is usually less than that of 
a parent drug. Metabolites are excreted in the urine more readily than their precursors 
because often they are not subject to tubular reabsorption. The primary objective of drug 
metabolism is to eliminate the drug from the body. 


4.5.1 Phase I Reactions 


The basic objective of the phase | reactions is to introduce or expose a functional group 
on the drug molecule. The molecule is now available for Phase II reactions. Phase | reactions 
occur first and the metabolite generally contains hydroxyl, amine or carboxyl group. Phase 
| metabolism includes oxidation (by microsomal! and non-microsomal enzymes), reduction, 
hydrolysis, hydration and other rare miscellaneous reactions (Table 4.1.). Examples of 
the more important Phase | drug metabolism pathways in a man are given in Table 4.2. 


Table 4.2 Metabolic pathways for Drugs in Man 


Type of Reaction Example 


I. Oxidation 
1. Microsomal 
(a) Aromatic hydroxylation 
H3 C2H5 
(H; pelts NH-CO-CH,-N 
NH-CO-CH)-N —p C-H; 
CH; CH, 


CH3 Ou 


Lignocaine 


(b) Aliphatic hydroxylation 


H; H3 
NH,COOCH;—¢-CH,OOCNH, —— NH,COOCH;—€-CH,OOCNH, 
CH,—CH,—CH; = CH2—CH2~CH3 


OH 
Meprobamate 


Table 4.2 Contd... 
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Type of Reaction Example 


(c) Epoxidation 


oo — of? 


Benzo[a]pyrene 
(d) N-dealkylation 
To g l 


O 


Diazepam 


(e) O-dealkylation 


cxt-0~{())-ni-co-crs —__> wo{())-Nu-co-cit 


Phenacetin 
` (f) S-dealkylation 


ÇH; 


w aN 
S _ 
H 


S-methyithiopurine 


(g) Oxidative deamination 


O 
H 
(Oyerça, —_——— CH,—C-CH; F NH3 
Ch; 


Amphetamine 
Table 4.2 Contd... 


www.webofpharma.com 


Drug Elimination 


Type of Reaction 
(h) N-Oxidation 


(i) |S-Oxidation 
CH3 
u aca 


COCs 


Chlorpromazine 


(j) Phosphothionate oxidation 
OCH; 


| 
on {Oos 


OCH; 
Parathion 
(k) Dehalogenation 


Halothane 
2. Non - microsomal 
(a) Alcohol dehydrogenase 
CH;—CH,—OH 
Ethanol 
(b) Aldehyde oxidation 
CH3—CHO 
Acetaldehyde 


Example 


CH)~CHy-CH-N 


=O 


CH;—COOH 
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Type of Reaction Example 
(c) Xanthine oxidase 
O 


H 
/, 


| 
eae N 


N 
CH; 


Theophylline 


(d) Amine oxidase 


ie CH,— CH2—-N Tete CH,-N- aes 
‘CH, ‘CH, 
Imipranine 


(e) Alkylhydrazine oxidase 


Carbidopa 
(f) Aromatases 


OOH OOH 
— 


Drug containing cyclohexane carboxylic acid 


tl. Reduction 


(a) Azo reduction (so) 
(S180. T —> + 
Oi COOH 
N-N 


Sulfasalzine 
Table 4.2 Contd... — 
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ype of Reaction Example 


(b) Nitro reduction 
o-(C))-crow-c-crkon —> un-())-cnon-eu-cr-on 
NH-CO-CHCh NH-CO-CHCh 


(c) Reductive dehalogenation 
H cı 
CF;-C-Cl ——> CFC pr 
Br 
Halothane 


lil. Hydrolysis 
(a) Ester hydrolysis He 


nooo 
QH 


(b) Amide hydrolysis 
H; 


H; C2 
NH-CO-CH,—-NH 


falls N-dealkylation 
NH-CO-CH,-N > 


CH; ó 

CH, Hs 
Lignocaine Monoethyl glycylxylidine 
Hy amide hydrolysis 


+ C-CH-NH-C,H 


(c) Hydrazine and carbamate hydrolysis 
CO-NH-NH; 


N 
Isoniazid 


Benzofa]pyrene 4,5 -epoxide 
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4.5.1.1 Enzymes Involved in the Biotransformation of Drugs 


Microsomal and non-microsomal enzymes present in the liver and other tissues are 
responsible for various Phase | and Phase I] metabolic reactions. 


Oxidations involving the microsomal mixed-function oxidases (MFOs) 


The mixed-function-oxidase system found in microsomes (endoplasmic reticulum) of 
many cells (notably those of liver, kidney, lung and intestine) performs many different 
functionalization reactions. The mixed-functions-oxidase enzymes are structural 
enzymes that constitute an electron transport system that requires reduced NADPH, 
molecular oxygen, cytochrome P-450, NADPH-cytochrome P-450 reductase, and 
phospholipid. Cytochrome P-450 is a heme protein containing iron. Cytochrome 
P-450 is a group of enzymes that are responsible for many of the oxidations and 
also reduction reactions. Many drugs, as well as steroid hormones, are oxidized by 
this microsomal system. 


Fig. 4.5 shows the simplified cytochrome P-450 oxidation-reduction cycle. Binding 
of the substrate to the oxidized form of the cytochrome P-450 is the first step involved 
in the oxidation of xenobiotics. The substrate-oxidized cytochrome P-450 complex is reduced 
by the NADPH-cytochrome c reductase by transfering one electron to the complex. This 
is the rate-limiting step in the oxidation of xenobiotics. The reduced substrate-cytochrome 
P-450 complex combines with a molecule of oxygen and the substrate is oxidized, releasing 
the oxidized cytochrome P-450. 


Substrate 


Substrate Oxidized cytochrome P-450 


/ 


Oxidized cytochrome P-450 Oxidized substrate 
NADPH-cytochrome c Substrate O, 


reductase | 


Reduced cytochrome P-450 


Fig. 4.5 A magnified transverse section of liver lobules. 
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Oxidation Involving Enzymes Other than MFO’s 


Oxidation of certain drugs, such as alcohols and xanthines, may be catalyzed by non- 
microsomal enzymes. Enzymes in the body not related to MFO’s include alcohol 
dehydrogenase, aldehyde dehydrogenase, xanthine oxidase, amine oxidases, aromatases 
and alkylhydrazine oxidase. Drugs such as mercaptopurine and azothioprine are metabolized 
by non-microsomal enzymes. 


Reduction 


Reduction is a relatively uncommon pathway of drug metabolism. Hepatic microsomes 
catalyze various reductive reactions and require NADPH for this purpose. Azo and nitro- 
reduction is catalyzed by cytochrome P-450 (but can also be catalyzed by NADPH- 
cytochrome c-reductase). Chloral hydrate is reduced to its active metabolite, trichloroethanol 
by alcohol dehydrogenase. Reduction of prednisone and cortisone results in the formation 
of their active metabolites prednisolone and hydrocortisone. Azo dyes, used as coloring 
agents in pharmaceutical products and food, are reduced to form amines, both in the liver 
and by the intestinal flora. 


Hydrolysis 


Hydrolysis of esters, amides, hydrazides and carbamates is a common pathway of drug 
metabolism. Liver microsomes and microsomes of other tissues contain non-specific 
esterases that catalyze these hydrolytic reactions. The plasma also contains non-specific 
acetylcholine esterases, pseudocholinesterase and other esterases. 


Hydration 


Hydration can be regarded as a specialized form of hydrolysis, where water is added to 
the compound without causing the compound to dissociate into a number of components. 
Epoxides are converted into dihydrodiols by the enzyme, epoxide hydratase (also known 
as epoxide hydrase or hydrolase). The precarcinogenic polycyclic hydrocarbon epoxides 
in particular undergo this reaction (e.g. benzo[a]pyrene 4,5 epoxide). 


4.5.2 Phase Il Reactions 


As mentioned previously, Phase | reactions introduce or expose a functional group on 
the drug molecule. Once a polar constituent is revealed or placed into the molecule, 
then a Phase li or conjugation reaction may occur. If a drug molecule contains a functional 
group, conjugation reactions may occur without phase | metabolism of the drug (e.g. 
salicylic acid). However, the drug may also undergo Phase | reactions, and then Phase 
li reactions. Conjugation reactions use conjugating reagents, that are derived from 
biochemical compounds involved in carbohydrate, fat, and protein metabolism. Phase 
li biotransformation reactions involve a diverse group of enzymes acting on diverse 
types of compounds, generally leading to a water-soluble product which can be excreted 
in the urine or bile. Table.4.3 lists the types of conjugation, enzymes involved and 
functional groups required for conjugation reaction. Examples of the phase II pathways 
of metabolism are given in Table 4.4. 


www.webofpharma.com 


120 Biopharmaceutics and Pharmacokinetics 


Table 4.3 Conjugation Reactions, Enzymes and Functional Group Involved in Phase Il 
Metabolism. 


S a SOHC 
e Cd Cd 
[Condensation [~via 


Table 4.4 Example of phase II metabolic pathways 


Types of Reaction Examples 


1. Conjugation with sugars 
(a) Glucuronidation 


(i) O-Glucuronides o OOH 
OH OH 
HO 
OH 


Salicylic acid 


(ii) N-Glucuronides 


H 
H,N Ojon, ——}> Glucuronic acid—N LO on -H 


z i Glucuronic acid 
Sulfanilamide 


(iii) S-Glucuronides 


C2H5, C2H5 CH5, 
cueN gs ST OH, —_>- ae acid 
Antabuse 


Table 4.4 Contd... 
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Types of Reaction Examples 
(b) Other sugars 


l 
2-hydroxynicotinic acid ribose 


Sulfation 0-SOH 
Ol, a i 
OH cH, 
ae CH)~NH- cHy GH CH NH-CH., 


lsopreoterenol 


Methylation 


N 


why 


N 
H 


Thiouracil 


Acetylation 
O-NH-NH), O-NH-NH-CO-CH; 


Q Aid 
N 
isoniazid 


Amino acid conjugation 
COOH O-NH-CH,—COOH 


+ glycine ——> 
Benzoic acid Hippuric acid 


Glutathione conjugation 


H.,-COOR CH-COOR 
i ——}> Glutathione—CH-COOR 


H-COOR 
Esters of maleic acid 
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Types of Reaction Examples 


7. Fatty acid conjugation 


CHOH 


5 o- R (CH})14—CHy 


(palmitate) 
—_> 
CsHyy 


11-hydroxy - A® - tetrahydro - cannabinol 


8. Condensation reactions 


son" 


Dopamine 


4.5.2.1 Glucuronidation 


The major route of sugar conjugation is glucuronidation (conjugation with a-D-glucuronic 
acid), although conjugation with glucose, xylose and arabinose are also possible. 
Glucuronide formation is quantitatively the most important form of conjugation for drugs 
and endogenous compounds. Glucuronidaton involves the reaction between the high- 
energy form of the conjugating agent, uridine diphosphate glucuronic acid (UDPGA) and 
drugs containing hydroxyl, carboxyl, amine or thiol groups. The reaction is mediated by 
the microsomal enzyme glucuronyltransferase. It is interesting to note that inversion takes 
place during the reaction with the a-glucuronic acid forming a b-glucuronide. The formed 
O-glucuronides are often excreted in the bile and thus released into the gut where they 
can be broken down to the parent compound by b-glucuronidase and possibly reabsorbed. 
This is the basis of enterohepatic circulation of drugs. Glucuronides are water-soluble 
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acids that are easily excreted in the urine. Some ester glucuronides are labile and can 
be hydrolysed in the urine or plasma to the parent drug. Accumulation and hydrolysis 
of the glucuronide conjugate of clofibrate in patients with renal disease result in high blood 
levels of clofibrate. 


4.5.2.2 Sulfation 


Conjugation with sulfate is a common pathway of metabolism of phenols, but also occur 
for alcohols, amines, to a lesser extent, thiols. The sulfate donor is 3’-phosphosdenosine- 
5’-phosphosulfate (PAPS), which is produced by a two stage reaction from ATP and sulfate. 
The phenol, alcohol and arylamine transferases are fairly non-specific and metabolize a 
wide range of drugs and xenobiotics but the steroid sulfotransferases are specific for a 
single steroid or a number of steroids of a particular type. Sulfate conjugates are water- 
soluble and have a high renal clearance. 


4.5.2.3 Methylation 


Even though methylation reactions are mainly meant for the metabolism of endogenous 
substances, some drugs are methylated by non-specific methyitransferases. The high 
energy intermediate, S-adenosylmethionine (SAM), is required to form methyl! conjugates. 
SAM is produced from L-methionine and ATP under the influence of the enzyme, L-methionine 
adenosyitransferase. In general, unlike other conjugation reactions, methylation leads to 
a less polar product and thus the metabolite is not easily excreted from the body. 


4.5.2.4 Acetylation 


Acetylation reactions are common for aromatic amines and sulfonamides and require the 
co-factor, acetyl-CoA. Acetyl-CoA is obtained either from the glycolysis pathway or via 
direct interaction of acetate and coenzyme A. Acetylation takes place mainly in the liver 
and it is interesting to note that these reactions occur in Kupffer cells and not in hepatocytes 
where most of the biotransformation reactions occur. Acetylation can also take place in 
reticuloendothelial cells of the spleen, lung and gut, and the enzyme is referred to as N- 
acetyltransferase. 


The acetylated product is usually less polar than the parent drug. The renal toxicity 
of the earlier sulfonamides is attributed to the precipitation of less polar 
acetylatedsulphonamides. In addition, a less polar metabolite will be reabsorbed in the 
renal tubule and has a longer elimination half-life. For example, the active metabolite of 
procainamide, N-acetylprocainamide has a longer half-life than that of procainamide. The 
N-acetyltransferase enzyme responsible for metabolism of isoniazid and other drugs has 
been found to exhibit genetic polymorphism. Two distinct sub-populations have been 
observed to inactivate isoniazid, called “slow inactivators’ and ‘rapid inactivators’. 


4.5.2.5 Amino acid Conjugation 


Aromatic acids are activated by combining with ATP to form coenzyme A derivatives before 
conjugation with amino acids. Amino acid conjugation is, thus, a special form of N-acylation. 
The usual amino acids involved are glycine, glutamine, ornithine, arginine and taurine. 
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It has been observed that ureotelic animals (those excreting uric acid) use predominantly 
ornithine in the amino acid conjugation reactions. The enzymes involved are not well 
understood. Bile acids also undergo amino acid conjugation reaction. The conversion 
of benzoic acid to hippuric acid and salicylic acid to salicyluric acid are examples of this 
metabolic pathway. 


4.5.2.6 Glutathione Conjugation 


Glutathione (GSH) is a tripeptide of glutamy!-cysteine-glycine that is recognized as a 
protective device within the cell for the removal of potentially toxic electrophilic compounds. 
GSH reacts non-enzymatically and enzymatically via glutathione-S-transferase, through the 
nucleophilic sulfhydry group with reactive electrophilic oxygen intermediates of certain drugs 
formed during oxidative biotransformation reactions. These reactive electrophilic 
intermediates may react with nucleophilic macromolecules such as proteins in the cell, leading 
to a cell injury and cellular necrosis. The list of compounds conjugated to glutathione 
include epoxides, haloalkanes, nitroalkanes, alkenes and aromatic halo- and nitro- 
compounds. 


The enzymes catalyzing these reactions are the glutathione-S-transferases which 
are located in the cytosol of the liver, kidney, gut and other tissues. The general steps 
involved in glutathione conjugation are given below. 

1. Conjugation of glutathione (GIn-Cys-Gly) with the drug molecule through the sulfhydry 
group of cysteine in the presence of glutathione-S-transferase. 


Drug + GSH glutathione-S-transferase Gly 
SEE oo 


| 
D-S-Cys 


| 
Gin 


2. Removal of glutamyl by glutamyl transpeptidase 
Gly 
| 
D-S-Cys glutamyl transpeptidase Gly 
| | 
Gin Gin D-S-Cys-NH, 
3. Removal of glycine by peptidase 
Gly COOH 


| | 
D-S-Cys-NH, peptidase D-S-CH,-CH-NH, 
Gly 


4. N-acetylation of the cysteine conjugate to form N-cetylated cysteine (mercapturic aciu). 
COOH COOH 


| | 
D-S-CH,-CH-NH, N-acetylase D-S-CH,-CH-NH-CO-CH, 
———_——_ 
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It has been observed that glutathione conjugates undergo a biliary secretion. In 
the gut, the conjugates undergo breakdown by a C-S lyase produced by instestinal microflora 
resulting in transfer of the -SH group from the glutathione to the drug molecules. Methylation 
on -SH group also takes place in the instestine and the S-methylated drug molecule is 
reabsorbed, reaches the liver and oxidized to a methylthio-derivative and then excreted. 
This type of metabolism is observed with certain sulfur containing compounds or compounds 
that form sulfur containing conjugates, such as caffeine, propachlor and 2-acetamido-4- 
chloromethyithiazole. 


The enzymatic formation of GSH conjugates shows saturation kinetics. Therefore, 
high doses of drugs such as acetaminophen may form high amounts of electrophilic 
intermediates. These intermediates covalently bind to hepatic cellular macromolecules, 
resulting in cellular necrosis. N-acetylcysteine, which contains the sulfhydry! group, is used 
as an antidote for acetaminophen intoxication. 


4.5.2.7 Fatty Acid Conjugation 


The fatty acids involved in the conjugation reactions are stearic and palmitic acids. Liver 
microsomal enzymes catalyze these reactions. Little information is available about the 
mechanism involved and compounds that undergo this type of conjugation. Fatty acids 
conjugation has been shown to occur for 11-hydroxy-D9-tetrahydrocannabinol. 


4.5.2.8 Condensation Reactions 


These recently discovered reactions may not be enzymatic but purely chemical and have 
been found for amines and aldehydes. Tetrahydropapaveroline, which is a potent dopamine 
antagonist, is a condensation product of dopamine and its metabolite, 3,4- 
dihydroxyphenylacetaldehyde. Tetrahydropapaveroline is a naturally occuring alkaloid. 


4.5.3 Metabolism of Enantiomers 


About 40% of drugs contain one or more asymmetric (chiral) centers in the molecule. For 
each chiral center, there are two possible mirror images of enantiomers, the R- and S- 
forms, which often differ in their pharmacokinetic and pharmacodynamic properties. Because 
of difficulty and cost of separation, a majority of synthetic chiral drugs are marketed as 
racemic mixtures. 


Each isomeric form may have different pharmacological actions and different side 
effects. For example, the natural thyroid hormone L-thyroxine stimulates the basal metabolic 
rate, while the synthetic D-thyroxine does not influence the basal metabolic rate but lowers 
the cholesterol level in the blood. 


Since enzymes, as well as drug receptors exhibit stereo-selectivity, isomers of drugs 
may show differences not only in pharmacological activity but also biotransformation and 
pharmacokinetics. For example, S(-) warfarin is more potent anticoagulant than R(+) warfarin. 
The half-life of S(-) warfarin is less than R(+) warfarin. Carprofen, a nonsteroidal anti- 
inflammatory drug, exists in both S and R configuration. The S-form of carprofen is more 
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potent and its clearance is faster than that of the R-form. The (+) isomer of amphetamine 
is eliminated more rapidly than the (-) isomer. The extent of protein binding is often different 
for each stereoisomer. For example, the S-form of dispyramide is more highly protein 
bound in man than R-form. A list of some common drugs which exist as enatiomers is 
given in Table.4.5. 


Table 4.5 Common drugs that exist as enantiomers 


Amphetamine Flecainide Terbutaline 
Atropine Hexobarbitol Thyroxine 
Brompheniramine Ibuprofen Tocainide 
Cocaine Motoprolo! Verapamil 


Carprofen Morphine Warfarin 
Dispyramide Nadolol 

Doxylamine Propoxyphene 

Ephedrine Propranolol 


4.5.4 Regioselectivity 


Regioselectivity refers to the metabolism of the drug molecule at a specific region. It means 
the enzymes will catalyze a reaction that is specific for a particular region in the drug molecule. 
For example, isoproterenol undergoes methylation at meta position preferentially to form 
a 3-O-methylated metabolite. O-methylation at para position is very little. Therefore, certain 
enzymes are not only sterioselective but also regioselective. 


Table 4.6 Sources of variation in intrinsic clearance 
Genetic factors 
Genetic differences within population 
Racial differences among different populations 
Environmental factors and drug interactions 


- Enzyme induction 

- Enzyme inhibition 

Physiological conditions 

- Age 

- Gender 

- Diet/Nutrition 

- Pathophysiology 

Drug dosage regimen 

Route of drug administration 

Dose dependent (non-linear) pharmacokinetics 


4.5.5 Variation of Biotransformation Enzymes in Humans 


A number of biological and environmental variables are responsible for variation in metabolism 
in humans. Table.4.6. lists various biological and environmental variable that influence 
the intrinsic clearance of compounds from the body. Pharmacogenetics is the subject 
that deals with genetic differences in drug elimination. Whole population can be grouped 
as slow acetylators and fast acetylators based on their ability to metabolize isoniazid. The 
difference is referred to as genetic polymorphism. Slow acetylators are often prone to 
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isoniazid-induced neurotoxicity. Procainamide and hydralazine are other two drugs that 
are acetylated and demonstrate genetic polymorphism. A well documented example of 
genetic polymorphism occurred with phehytoin. Two phenotypes, efficient metabolizer (EM) 
and poor metabolizer (PM) were identified in the population. The PM frequency in the 
Caucasians was about 4%, and among the Japanese about 16% . Another example of 
genetic differences in drug metabolism is the glucose-6-phosphate-dehydrogenase 
deficiency, which is observed in approximately 10% black Americans. The incidence of 
side effects with mephobarbital was higher in the Japanese possibly due to a slower oxidative 
metabolism. 


Environmental factors and exposure to chemicals may alter the basal level of enzymatic 
activity. The aromatic hydrocarbons, such as 3-methylcholanthrene and benzpyrene 
released during cigarette smoking stimulate the enzymes involved in theophylline metabolism. 
Therefore, the biological half-life of theophylline is shorter in smokers. Phenobarbitol 
stimulates the liver microsomal enzymes responsible for various metabolic pathways, including 
oxidation, reduction and hydrolysis. Phenobarbital enhances the metabolism of meperidine 
to normeperidine. 


Inhibition of hepatic enzyme activity is observed by a variety of agents including carbon 
monoxide, heavy metals, and certain drugs such as cimetidine. Enzyme inhibition by 
cimetidine may lead to higher plasma levels and longer elimination of co-administered 
phenytoin or theophylline. 


The physiological conditions of the host-including age, gender, nutrition, diet and 
pathophysiology also affects the level of hepatic enzyme activities. In addition to the 
physiological condition, route of administration, time of administration and dose administered 
may also alter the pharmacokinetics and pharmacodynamics of a drug. 


4.5.6 Species Differences in Drug Metabolism 


Drug metabolism studies in laboratory animals are carried out during the early preclinical 
phase of drug development to identify the major metabolic pathways of a new drug. These 
studies are often useful in suggesting the most likely drug metabolites to be found in man. 
For most drugs, different animal species may have different metabolic pathways. Drug 
metabolism studies in laboratory animals and man were carried out with different compounds 
to find out the species that closely resembles the man with respect to drug metabolism. 
The studies concluded that the rhesus monkey resembles man closely in terms of the 
urinary metabolite patterns. The urinary metabolite patterns in the dog and rat were less 
useful in predicting results in humans. 


Species differences in the activity of microsomal enzyme systems are usually so great 
as to render the results of studies in laboratory animals meaningless. For example, 
amphetamine is mainly hydroxylated in the rat, whereas in humans and dogs it is largely 
deaminated. Sulfadimethoxine is mainly acetylated in rats, but in humans the major urinary 
metabolite is a glucuronide. Even though the biotransformation pathways are the same 
in different animal species, the rates of metabolism may differ significantly. Many drugs 
are metabolized much more rapidly in rats and dogs than in man. As a result, a certain 
dose of a drug may have little pharmacological activity in a test animal, but elicit an adequate 
response in humans. These differences have to be taken into consideration during the 
development of a new drug. These considerations are also important for the toxicological 
evaluation of drugs in laboratory animals. 
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4.6 Induction and Inhibition of Drug Metabolizing Enzymes 


Humans are being exposed to many chemicals, either in the environment, for medical reasons 
or as a result of the life styles. The chemical substances are derived from a variety of 
sources and include pharmaceutical products, cosmetics, food additives and industrial 
chemicals. Microsomal drug metabolism can be stimulated or inhibited by a large number 
of drugs and chemicals. 


4.6.1 Enzyme Induction 


Microsomal enzyme induction is a complex process associated with an increase in liver 
weight, proliferation of the endoplasmic reticulum, and increase in microsomal protein and 
cytochrome P-450. In general, enzyme induction caused by drugs and chemicals can be 
grouped into two, exemplified by phenobarbital and aromatic hydrocarbons such as 
3-methyicholanthrene and benzpyrene. Phenobarbital-type inducers stimulate the liver 
microsomal enzymes that are responsible for a wide variety of metabolic pathways, including 
oxidation, reduction, and glucuronide formation. On the other hand, polycyclic hydrocarbons 
stimulate a limited group of metabolic reactions. Pretreatment with phenobarbital enhances 
the metabolism of pethidine while pretreatment with polycyclic aromtic hydrocarbons does 
not. Enzyme induction caused by cigarette smoke (due to benzofa]pyrene and 
3-methyicholanthrene in smoke) increases the metabolism of theophylline, but phenobarbital 
does not. However, pretreatment of experimental animals with either phenobarbitone or 
polycyclic aromatic hydrocarbon, benzo[a]pyrene, results in a substantial increase in 
zoxazolamine (muscle relaxant) metabolism. Table.4.7. provides a partial list of drugs that 
are proved to cause enzyme induction. 


Table 4.7 List of Some Drugs that Cause Enzyme Induction 


Analgesics Nikethamide 
Antipyretic and Analgesic Antipyrine 
Anti-inflammatory Phenylbutazone 
Antibiotics Rifampicin 


Anticonvulsants Carbamazepine 
Antifungal drugs Griseofulvin 
Antimalarials Quinine 
Sedatives and hypnotics Phenobarbitone 
Diuretics Spiranolactone 


Some drugs induce microsomal enzymes that are involved in their own metabolism; 
this phenamenon has been called self-induction or autoinduction. For example, the 
anticonvulsant drug carbamazepine stimulates the production of enzymes responsible for 
its own metabolism and hence, its metabolic clearance increases on continuous administration 
until the microsomal enzymes are maximally induced. 
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4.6.2 Enzyme Inhibition 


Inhibition of a drug metabolism by other drugs or xenobiotics is a well recognized 
phenomenon. This inhibition of drug metabolism by drugs or xenobiotics can take place 
in several ways including the destruction of pre-existing enzymes, inhibition of enzyme 
synthesis by complexing and thus inactivating the drug-metabolizing enzyme, by complexing 
a co-factor such as NADPH, needed for enzyme activity or by interacting with the drug 
itself. In addition, the product of the enzyme reaction, the metabolite, competes with the 
substrate leading to the inhibition of the parent drug metabolism. This type of inhibition 
is called product inhibition. 


Table 4.8. shows the list of some drugs and xenobiotics known to produce enzyme 
inhibition. Certain drugs including monoamine oxidase (MAO) inhibitors and xanthine oxidase 
inhibitors are used clinically to inhibit specific enzyme systems. Unfortunately most of these 
drugs lack specificity and may inhibit more than one enzyme system. The anti-ulcer drug 
cimetidine has become one of the most potent and comprehensive inhibitor of microsomal 
drug metabolism used in clinical medicine. 


Table 4.8 Some of the drugs and xenobiotics known to produce enzyme inhibition 


Allobarbital Ethylene 
Secobarbital Acetylene 
Amphetamine Piperonal 
Cimetidine Safrole 

Isoniazid Peperonylbutoxide 
Dapsone Carbontetrachloride 


Fenfluramine Parathion 
Sulfanilamide 7,8-benzoflavone 
Chloramphenicol 

Amantadine 

indomethacin 

MAOinhibitors(Isocarboxazid, Phenelzine) 

Xanthine oxidase inhibitors (Allopurinol) 


Enzyme inhibition may be reversible or irreversible. The type of inhibition is usually 
classified by enzyme kinetic studies and by observing the changes in Km (Michaelis-Menten 
Constant) and Vmax (maximum velocity of an enzymatic reaction). Enzyme kinetic studies 
use the Michaelis-Menten equation. Accordingly, enzyme inhibition may be classified as 
competitive inhibition, non-competitive inhibition and other types. 


In the case of competitive inhibition, the inhibitor and drug compete for the same 
active site on the enzyme. An increase in the drug concentration may displace the inhibitor 
from the enzyme and partially or fully reverse the inhibition. Therefore, competitive inhibition 
is also known as reversible inhibition. 


In the case of non-competitive inhibition, the inhibitor may inhibit the enzyme by 
combining at a site on the enzyme that is different from the active site (i.e., allosteric site). 
Non-competitive inhibition can not be reversed by increasing the drug concentration (i.e., 
irreversible inhibition). 
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Other types of enzyme inhibitions, such as mixed enzyme inhibition and uncompetitive 
enzyme inhibition, can be identified by observing changes in Km and Vmax (Table.4.9.). 


Table 4.9 Identification of Types of Enzyme Inhibition 


Competitive No change 
Non-competitive No change | Changes 


Other (mixed enzyme Changes 


inhibition and uncompetitive 
enzyme inhibition 


4.6.3 Enzyme Kinetics of Drug Metabolism 


Conversion of a drug into metabolites by biotransformation reactions requires enzymes. 
Enzyme concentration and drug concentration at the site of metabolism are important 
determinants of the metabolic rate of a drug in addition to drug affinity towards the enzyme. 
In the body, the biotransformation enzyme concentration is constant at a given site and 
the drug concentration varies with the dose and time. The drug affinity towards a particular 
enzyme is an inherent property of the drug molecule. 


When the drug concentration is low relative to enzyme concentration at the site of 
metabolism, there are abundant enzyme molecules to catalyze the reaction. The rate of 
metabolism depends mainly on the drug concentration and it follows the first-order kinetics. 
When the drug concentration is higher than that of enzyme at the site of metabolism, all 
the available enzyme molecules will be complexed with the drug molecules and the rate 
of metabolism may change to zero-order process. This is because of the saturation of 
enzyme system. In other words, the system is working at its full capacity. The drug 
concentration at which enzyme saturation occurs depends on the drug and its affinity to 
the enzyme. 


Let us consider metabolism of a drug which interacts with the enzyme on an equimolar 
basis (i.e., one mole of drug interacts with one mole of the enzyme) to form an enzyme- 
drug intermediate, which further reacts to yield a metabolite of the drug as shown below. 


K1 
ee 
[E] + [D] ~ a [ED] ————~ metabolite + E 


Where [E] = Enzyme concentration; [D] = drug concentration; [ED] = Enzyme-drug 
complex concentration and K1, K2, K3 = First-order rate constants. 


Michaelis and Menton developed an equation that describes the rate of metabolism 
of a drug by an enzyme. in developing the equation, they assumed that the rate of an 
enzymatic reaction is dependent upon the concentrations of both the enzyme and the drug, 
and that an enzyme-drug intermediate is initially formed, followed by the formation of the 
metabolite and regeneration of the enzyme. Since K1, K2 and K3 are first-order rate 
constants, the following rate equations may be written. 
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Rate of formation of enzyme-drug complex 
= K1 [E] [D] 4.7 


Rate of dissociation of enzyme-drug complex or 
rate of regeneration of the enzyme 


= K2 [ED] + K3 [ED] 4.8 


Therefore, the rate of change in the concentration of enzyme-drug complex 
(d(ED)/dt) is given by, 


d(ED)/dt = K1 [E] [D] - (K2 [ED] + K3 [ED}]) 4.9 


According to mass balance, total enzyme concentration, [Et], is equal to the sum 
of the concentrations of a free enzyme [E] and enzyme complexed with the drug [ED]. 


[Et] = [E] + [ED] 4.10 
or 

[E] = [Et] -[ED] 4.11 
Therefore, we can write equation 4.9 as, 

d(ED)/dt = K1 ({Et]-[ED]) [D] - [ED] (K2 + K3) 4.12 


At a steady state, the rate of formation of enzyme-drug complex is equal to the rate 
of dissociation of enzyme-drug complex. Hence, at a steady state, the rate of change 
in the concentration of enzyme-drug complex, d(ED)/dt is equal to zero.(i.e., d(ED)/dt =0) 


Therefore, 
0 = K1 ({Et]-[ED]) [D] - [ED] (K2 + K3) 4.13 
K1 ({Et]-[ED]) [D] = [ED] (K2 + K3) 4.14 
K1 [Et] [D] = K1 [ED] [D] + [ED](K2 + K3) 4.15 
[Et] [D] = [ED] [D] + [ED] Kaa 4.16 
Ey 10) = (ED) 2+9) 4.17 
Let Km = — 4.18 
[Et] [D] = [ED] ([D] + Km) 4.19 
Solving the equation 4.19 for [ED], we get 
((D]+ Km) 
Multiplying both the sides by K3, 
K3 [ED] = A 4.21 
([D]+ Km) 
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K3 [ED] is nothing but the rate of formation of a metabolite or the rate of velocity 
of decomposition of the ED into a metabolite and an enzyme. Hence, K3 [ED] is the velocity 
or rate of enzymatic reaction, v. When the drug concentration is high relative to enzyme, 
then the reaction proceeds at a maximum velocity or rate called Vmax. It means, the reaction 
proceeds at a constant velocity and the enzyme system is saturated. A product of K3 
and [Et] is Vmax. 


Vmax = K3 [Et] 4.22 
Similarly, v = K3 [ED] 4.23 
The velocity of metabolism is given by the equation. 
_ Vmax([D] 
v= (Dl Km) 4.24 


Equation 4.24 is known as Michaelis-Menten equation and describes the rate of 
metabolite formation. Km is known as Michaelis constant and is defined as the 
concentration of a substrate (drug) when the velocity (v) of the reaction is equal to one- 
half maximal velocity, or 0.5 Vmax (see Fig..4.6). 1/Km reflects the affinity between substrate 
(drug) and enzyme. The constant Vmax is a function of the total amount of the metabolizing 
enzyme. ' 


Equation 4.24 ıs developed taking the equimolar interaction between the drug and 
enzyme into consideration and assuming that the enzyme is metabolizing only the drug 
under consideration. If the same enzyme is also metabolizing any other substrate 
simultaneously, this equation is not valid. Further, a drug may be metabolized by several 
enzymes simultaneously to form many metabolites. 


Experience suggests that the usual dose of most drugs results in plasma concentrations 

that are much smaller than the Km values associated with their metabolism. Since [D] 

<< Km (Km >> [D]), the term [D] can be neglected in the denominator of equation 4.24, 

to get: 

_ Vmax[D] _ 

ioe” li K [D} 4.25 

Where, K is the apparent first-order metabolic rate constant. Accordingly, the 

elimination of most drugs that are eliminated totally or in part by biotransformation can 
be described by the first-order kinetics. 


However, some drugs, including phenytoin, ethotoin, salicylate and ethanol have one 
or more Km values that are comparable to or less than their usual concentrations in the 
plasma following therapeutic doses. Therefore, the elimination of these drugs can not 
be described by the first-order kinetics. At higher drug concentrations, [D]>>Km and the 
equation 4.24 can be written as, 


V max 
= — = n 4, 
v constant 26 
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It means, when [D]>>Km, the reaction proceeds at a constant rate or follows a zero- 


order kinetics. The enzymatic system is said to be saturated and capacity-limited metabolism 
is observed. 


Velocity of Reaction (V) 


KM Substrate concentration 


Fig. 4.6 Michaelis-menten enzyme kinetics. The nonlinear relation between enzyme reaction 
velocity and the drug concentration, resulting in hyperbolic curve. The Km is the drug (substrate) 
concentration when the velocity of reaction is at 0.5 V rax 


A plot of drug concentration versus metabolic rate gives a hyperbolic curve (Fig.4.6) 
indicating non-linear relationship. Reciprocal of the Michaelis-Menten equation is used 
to obtain a linear relationship. 


Ba Mey Ty, 2 
v Vmax [D] Vv 


4.27 


max 


Equation 4.27 is used to estimate the parameters Vmax and Km and is known as 
the Lineweaver-burk equation. A plot of 1/v versus 1/[D] is used to estimate Vmax and 
Km (Figure 4.7). Lineweaver-Burk plots are also used to study the enzyme inhibition kinetics 
(Figure 4.8.a, b and c). The Michaelis-Menten equation of competitive inhibition is given 
by, 


14D) 


Fig. 4.7 Lineweaver burkplot of 1/v versus 1/(D) for determining Km and V ax: Intercept = 1/V nax 
and slope = KMV nax 


V max [D] 


a ca act 4.28 
[D]+ Km(1 +1/Ki) 


Where, | is the inhibitory concentration and Ki is the inhibition constant. For a non- 
competitive inhibition, 
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Vmax [D](1+ I/Ki) 
ue [D]+ Km 


4.29 


Michaelis-Menten equation can be rearranged in different ways to yield a linear 
relationship between v and [D]. 


[D] _ 1[D] $ Km 


v Vmax Vmax 4.30 
_ -Km v 
v= [D] + Vmax 4.31 


The equations 4.30 and 4.31 are useful for the estimation of Vmax and Km 
(see Fig. 4.8). 


Inhibitor 


1⁄D) 
Fig. 4.8 (a) Lineweaver-burk plot used to identify the competitive enzyme inhibition. 


Inhibitor 


Control 


1/(D) 
Fig. 4.8 (b) Lineweaver-burk plot used to identify the non competitive enzyme inhibition. 


Inhibitor 
Contro! 


1/(D) 
Fig. 4.8 (c) Lineweaver-burk plot used to identify the uncompetitive enzyme inhibition. 
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4.7 Hepatic Clearance (Cih) 


The clearance is a general concept that may be applied to any organ and is used as 
a measure of eliminaiton of a drug by the organ. Renal clearance was explained earlier 
in this chapter. Hepatic clearance may be defined as the volume of blood that perfuse 
the liver that is cleared of drug per unit time. 


Organ clearance of the drug is given by: 
CLorgan = Qo Eo 4.32 


Where, Qo is the blood flow to the organ and Eo is the extraction ratio of the organ. 
The Extraction ratio, Eo, can be estimated by the equation, 
Cin — Cout 
Eo = nmm 4.33 
Cin 
Where, Cin is the drug concentration in the arterial blood (that is going into the organ) 
and Cout is drug concentration in the venous blood (that is coming out of the organ). 
Extraction ratio of an organ can also be calculated from the equation given below. 


= Clint 4 34 
g Qo + Cl nt : 


Where, Cliw is the intrinsic clearance of the organ, that is, the maximum ability 
of the organ to remove the drug from the blood when there are no flow limitations. 


Hepatic clearance, Cih, is related to both the liver blood flow and the extraction ratio 
of the liver. 


Eo 


Clih = Qh Eh 4.35 
Where, Qh is the blood flow to the liver and Eh is the extraction ratio of the liver. 


For some drugs, the extraction ratio is high (greater than 0.7) and the drug is removed 
by the liver almost rapidly as the organ is perfused by the blood containing the drug. Drugs 
with very high hepatic extraction ratios exhibit a hepatic blood flow dependent metabolic 
rate. For example, propranolol, a b-adrenergic blocking agent, decreases the hepatic 
blood flow by decreasing the cardiac output, and thereby decreases its own hepatic clearance. 
Drugs that have high hepatic extraction ratios generally, undergo first-pass metabolism. 


For drugs with low extraction ratios (e.g., phenylbutazone, procainamide, theophylline), 
the hepatic clearance is less affected by the hepatic blood flow. Since, Eh = Cl (Qo 
+ Clap. the hepatic clearance, may also be calculated from the equation, 4.36. 


Qh [Chie] 


lh = 
9 Qh + Clin 


4.36 

Intrinsic clearance (Cl) is a measure of inherent activities of the mixed-function 
oxidases and biliary secretion. Hence, changes or alterations in mixed-function oxidase 
activity or biliary secretion affect the rate of drug removal by the liver. Intrinsic clearance 
of a drug is affected by several factors, including enzyme induction, enzyme inhibition, 
age of the individual, nutritional and pathological factors. Drugs that show iow extraction 
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ratios and are eliminated mainly by metabolism demonstrate a marked variation in the overall 
elimination half-lives within a given population chiefly due to genetic differences in intrinsic 
hepatic enzyme activity. 


Hepatic clearance may also be expressed as the rate of drug removal divided by 
the plasma drug concentration in artery. 


Rate of drug removal by the liver 


Cih = 


Plasma concentration of drug (Cin) 


Rate of drug removal by the liver = Cilh x Cin 


It should be noted that only a free drug in the blood can cross the cell membranes 
and reach the interior of the cell but not a protein bound drug. An increase in the free 
drug concentration in the blood will make more drug available for hepatic extraction and 
subsequent metabolism or biliary secretion. Therefore, protein binding of drugs has to 
be considered in calculating the hepatic clearance of drugs. 


4.7.1 Influence of Protein Binding on Hepatic Clearance 


In equation 4.36, the hepatic clearance is related to the blood flow to the liver and the 
hepatic intrinsic clearance. Equation 4.36 is derived assuming no protein binding, while 


in fact Cl,,, should be defined in terms of the maximum ability of the liver to remove the 
free drug (unbound), resulting in the following: 
Qh [f (Clm )] 
Ch = ~= 4.37 
Qh +f (Clm) 


Where, f is the fraction of free drug in the blood. When the intrinsic clearance of 
the liver is very high compared to the blood flow, such that f(Cl,,,)>>Qh, the extraction 
ratio approaches 1 and Cih @ Qh. 


Qh f (Cl) 
fC) = Qh 4.38 
Thus, if a drug is cleared exclusively in the liver with an extraction ratio approaching 
unity, hepatic clearance will be very sensitive to changes in the liver blood flow and essentially 
independent of protein binding, because the drug is removed from the plasma binding 
sites during circulation through the liver. Similarly, for drugs eliminated in the kidneys by 
an active transport process, the elimination appears to be independent of the extent of 
protein binding. However, for most drugs, the blood flow is significantly greater than the 
intrinsic organ clearance (Qh >>Cl,,,) and then equation 4.37 is reduced to 
Qh f (Clint ) 
Cih = ac il = f (Chm) 4.39 
It means that the hepatic clearance is directly related to the degree of protein binding. 
This is certainly true for the renal clearance of drugs that are eliminated by passive filtration 
mechanisms in the kidney. In these cases, if no drug is reabsorbed through the kidney 
tubule, Cl... may be approximated to the glomerular filtration rate (GFR) depending on 


t 
the extent of the drug protein binding. 
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4.8 Pharmacological Activity of Metabolites 


For most drugs, biotransformation results in the formation of a more polar metabolite that 
is pharmacologically inactive and is eliminated rapidly than the parent drug. For some 
drugs the metabolite may be pharmacologically active or produce toxic effects (Table 4.10). 


Table 4.10 Pharmacological Activities of Metabolites 


Active drug to Inactive metabolite 


Amphetamine ———————>  Phenylacetone 
Phenobarbitol > Hydroxyphenobarbitol 


Active drug to active metabolite 


Phenacetin 


—— , Acetaminophen 
Amitryptyline > Nortryptyline 
Imipramine — > Desimpramine 


Mepiridine ——— > Normeperidine 
(analgesic) (CNS stimulant) 


Prodrug to Acitive Metabolite 
Chlorazepate > Nordiazepam 
Hetacillin —— Ampicillin 


Active drug to Reactive metabolite 


Acetaminophen ——> Reactive metabolite (hepatotoxicity) 
Methoxyflurane 


— > Reactive metabolite (renal toxicity) 


It can be seen from the Table 4.10 that metabolites differ significantly from their parent 
compounds with respect to pharmacological activity and polarity. Prodrugs are inactive 
and must be biotransformed in the body to metabolites that have pharmacological activity. 
More recently prodrugs have been designed to improve stability and absorption or to prolong 
duration of action. Prodrug levodopa used in the treatment of parkinsonism, is more lipid 
soluble, crosses the blood-brain-barrier easily and converted into active L-dopamine by 
the decarboxylase enzyme in the brain. The neurotransmitter L-dopamine does not easily 
penetrate the blood-brain-barrier and, therefore, can not be used as a therapeutic agent. 


4.9 Disposition of Metabolites 


Since the prime objective of biotransformation reactions is to convert a drug into more 
polar and pharmacologically inactive metabolites, most biotransformations result in 
metabolites that are more polar and inactive. However, certain important exceptions do 
exists as discussed earlier in this chapter. The apparent volume of distribution of polar 
metabolites such as glucuronides, sulfates etc., is less than that of the parent drug. 
Metabolites are excreted in urine more readily than their parent drugs because of the lack 
of tubular reabsorption of polar metabolites. Renal excretion plays an important role in 
the elimination of metabolites. Renal impairment may lead to the accumulation of drug 
metabolites in the body. If a metabolite is pharmacologically active, accumulation of the 
metabolite may result precipitation of toxic effects. 
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4.10 First Pass Effect 


Drugs given orally are absorbed from the stomach or small intestine and transported via 
the mesenteric vessels to the hepatic portal vein and then to the liver prior to the systemic 
circulation. Some drugs are metabolized extensively in the intestinal mucosal cells during 
absorption or in the liver cells during their first transit and therefore exhibit a poor systemic 
availability when administered orally. This rapid metabolism of an orally administered drug 
prior to reaching the general circulation is termed first-pass effect or presystemic 
elimination. 


Many drugs show a low oral bioavailability due to first-pass effect in the liver. Drugs 
that undergo the first-pass hepatic metabolism includes desipramine, diltiazem, isoproterenol, 
lidocaine, nitroglycerine and propranolol. Blood perfusing buccal cavity bypasses the liver 
and enters directly into the superior vena cava. Nitroglycerine, an antianginal drug, is 
administered sublingually to avoid the first-pass effect. Part of the rectal blood supply, 
particularly in the inferior and middle hemerrhoidal veins, bypasses the hepatic portal 
circulation and dumps directly into the inferior vena cava. Therefore, certain drugs are 
administered as suppositories to avoid the first-pass effect. 


4.11 Biliary Excretion 


As explained earlier in this chapter, the bile is secreted by the hepatocytes, stored in the 
gall bladder and emptied into the duodenum in response to food intake. Bile primarily 
consists of water, bile salts, bile pigments, electrolytes, and to lesser extent cholesterol 
and fatty acids. Some drugs may be secreted by the liver cells into the bile. Production 
of bile as well as excretion of drugs into bile appear to be an active transport process. 
Separate active biliary secretion processes have been reported for organic anions, organic 
cations, and polar, uncharged molecules. Biliary secretion of methotrexate is inhibited 
competitively by probenecid. 


In men, the bile flow rate ranges from 0.5 to 0.8 ml/min. The drug concentration 
in bile may be as high as 1000 times the plasma drug concentration. Therefore, some 
drugs may have biliary clearances of 500 ml/min. or higher. The most important factor 
influencing the excretion of a drug in bile is the molecular weight of the compound. Drugs 
that are mainly excreted in the bile have molecular weights in excess of 500g/moles. Drugs 
with molecular weights between 300 and 500 are excreted both in urine and in bile. Drugs 
with molecular weights of less than 300 are almost exclusively excreted via the kidneys 
into urine. A direct relationship between the molecular weight and the biliary excretion 
of 18 cephalosporins in rats has been observed. 


Another factor that influences the biliary excretion of drugs is the presence of a strong 
polar group. Most of the times metabolites of drugs, especially glucuronides are excreted 
into the bile. In general, metabolites are more polar than the parent drug, and glucuronides 
of drugs are more polar as well as have high molecular weight than their parent drugs 
which favor their secretion into bile. 


Compounds that enhance bile production may increase the biliary excretion of drugs. 
Phenobarbital is found to increase the biliary excretion of drugs by two mechanisms. First, 
by increasing the formation of glucuronides via enzyme induction and second, by enhancing 
the bile flow. In contrast, compounds that decrease bile flow or pathophysiological conditions 
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that cause cholestasis will decrease the biliary drug excretion. The extent of the biliary 
excretion of a drug depends upon the route of administration. For example, drugs given 
orally may be extracted by the liver into the bile to a greater extent than if the drugs are 
given intravenously. 


4.12 Enterohepatic Circulation 


A drug or its metabolite(s) secreted into bile is stored in the gallbladder and eventually 
emptied into the duodenum. The drug or its metabolite(s) present in the small intestine 
may be excreted into the feces or reabsorbed back into the systemic circulation. The 
cycle in which a drug is absorbed, excreted into the bile, and reabsorbed is known as 
enterohepatic circulation (Fig.4.9). This cycle may be repeated many times, until 
biotransformation, renal excretion, and fecal excretion ultimately eliminate the drug from 
the body. In this way, enterohepatic cycling may increase the persistence of drugs in the 
body. Some drugs excreted as glucuronide conjugates are hydrolyzed in the small intestine 
back to the parent drug by the action of a b-glucuronidase enzyme released by the intestinal 
bacteria. The liberated parent drug is reabsorbed back into the systemic circulation. 


Biliary Excretion 
Bile 


Distribution and 


Oral administration ae 
Elimination 


GIT 


Fecal excretion ee Hydrolysis of conjugates and absorption 


of free drug 


Blood ra 


oe Oe 
Extravascular I.V. administration 


administration 
Fig. 4.9 Schematic Representation of Entero-Hepatic Cycling of Drugs. 


Biliary excretion and thereby enterohepatic cycling of a drug can be expected if it 
appears in the feces following its intravenous administration. Enterohepatic circulation 
after a single dose of a drug is not as important as after multiple doses or a very high 
dose of a drug. Drugs that undergo enterohepatic circulation some times exhibit a small 
secondary peak in the plasma drug concentration-time curve following oral administration. 
The first peak occurs as the drug in the GIT is depleted; a secondary peak then emerges 
as biliary excreted drug is reabsorbed. 

Recent studies have been directed towards finding enterohepatic cycling in men by 
interrupting the cycle in the intestine. Oral administration of cholestyramine, a non- 
absorbable ion-exchange resin that strongly binds acidic and neutral drugs, decrease the 
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half-lives of digitoxin and warfarin. These drugs undergo enterohepatic cycling and 
cholestyramine interrupts the cycle and promotes their fecal excretion. Oral administration 
of charcoal, a non-specific adsorbent decrease the half-lives of dapsone, phenobarbital, 
carbamazepine and phenylbutazone. 


4.13 Extrahepatic Metabolism 


The liver is the main organ involved in drug metabolism. However, other sites of 
metabolism include the skin, lung, gastrointestinal mucosal cells, microbial flora in the 
distal portion of the ileum and the large intestine. The kidney may also be involved 
in certain drug metabolism reactions. Many tissues mentioned above contain microsomal 
and soluble drug metabolizing enzymes, whose role in drug disposition is poorly 
understood. 


Drug metabolism in the skin could decrease the therapeutic efficacy and duration 
of action of topically applied drugs, intended to act locally, or produce the first-pass effect 
for drugs intended for systemic effects. 


Drug metabolism in the gastrointestinal tract following oral administration is the 
most important contributor of extrahepatic drug metabolism. The consequence of this 
presystemic metabolism is incomplete bioavailability. Isoproterenol is 1000 times less 
active after oral administration than after of I.V. administration. This difference is due 
to intestinal metabolism of isoproterenol following oral administration. Similar 
observations have been made with terbutaline and morphine. It has been observed 
that the major metabolite formed following oral administration of a drug is different from 
that formed after I.V. administration. b-glucuronidases present in the intestine hydrolyze 
the glucuronide conjugates secreted in bile and liberate the parent drugs leading to 
enterohepatic cycling. Esterases in the intestine hydrolyze the drugs containing the 
ester group and thereby influence their bioavailability. 


The. intestinal flora present in the distal small intestine and colon are involved in 
the metabolism of certain drugs or drugs that are subject to biliary excretion. The drug 
sulfasalazine is metabolized by the intestinal bacteria to form sulfapyridine and 
5-aminosalicylate. The cleavage is believed to be important for the therapeutic effects 
of the drug to liberate 5-aminosalicylate. 


4.14 Minor Pathways of Excretion 


Urinary excretion and biotransformation of the drugs are the major pathways of drug 
elimination. However, there are other minor pathways for the elimination of the drug from 
the body. Some times these pathways may contribute a significant fraction to drug elimination. 
For example, pulmonary excretion of general anesthetics. 
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Salivary Excretion of Drugs 


Salivary excretion of drugs is of little quantitative importance in drug elimination. Lipid 
solubility, pKa, plasma protein binding of drug and the pH of saliva influence the salivary 
excretion of a drug. The pH of the saliva ranges between 6.2 to 8.0 and the average 
pH of saliva is about 6.5 which is lower than the pH of the plasma (7.4). Because of a 
lower pH of saliva, the saliva/plasma free drug concentration ratios are less than unity 
for weak acids, and more than one for weak bases. Drugs are transfered into saliva mainly 
by passive diffusion. The lipid soluble unionized form of the drug diffuses into the saliva 
from the plasma. Since the saliva is free from proteins, drug levels in saliva reflect the 
free drug levels in the plasma. Some drugs are actively secreted into the saliva from 
the plasma. For example, lithium and metoprolol concentrations in the saliva are several 
times higher than in the plasma. 


The saliva/plasma drug concentration ratio (Cs/Cp) is found to be fairly constant 
for certain drugs. For example, a good to excellent correlations between drug concentrations 
in saliva and plasma or serum have been reported for antipyrine, diazepam, theophylline, 
quinidine, acetaminophen, tolbutamide, carbamazepine and digoxin. Therefore, salivary 
concentration of a drug is used as an indicator of free or total drug concentration in plasma. 
Further, salivary excretion of drugs is used for the estimation of pharmacokinetic parameters 
of drugs. However, large differences in Cs/Cp ratio do exist among patients and within 
individual patients due to variability in saliva pH, which ranged from 6.2 to 8.0. This variability 
lead to little popularity of salivary kinetic studies. 


An equation that shows the relationship between the lipid solubility, pKa, plasma protein 
binding of drug, saliva pH and Cs/Cp ratio is given below: 


For weak acid 
Cs 1+100Hs-PKa)f 


Cp PAPPA ™ Fo 
For weak bases 
Cs _ 14100m) fu 
Cp 1+10(Ke-pHe) f 
Drug concentration in saliva 


Cs = 
Cp = Drug concentration in plasma 
pHs = Saliva pH 


pHp = Plasma pH 
fup = Fraction of unbound drug in plasma 
fas = Fraction of unbound drug in saliva 


As mentioned previously, saliva is free from proteins and hence the value of fus is 
equal to unity. 
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Fig. 4.10 Salivary-GIT cycling of drug given by various routes of administration. 


At rest roughly 70 percent of the saliva entering the mouth originates within the 
submandibular glands, 25 percent arrives from the parotid glands, and 5 percent comes 
from the sublingual glands. The composition of saliva varies depending on the stimulus 
provided, and its production may reach 7 ml/min. at meal times. Therefore, considerable 
amounts of drugs reach the oral cavity and then pass into the GIT from which it can be 
reabsorbed leading to the cycling of drugs e.g. antibiotics and clonidine (Fig. 4.10). Salivary 
excretion of antibiotics is considered to be responsible for lingua nigra or black hairy tongue 
in patients receiving these drugs. Gingival hyperplasia in epileptic patients is related to 
the salivary excretion of phenytoin. The bitter taste after administration of drugs is also 
due to the salivary excretion of drugs. 


Pulmonary Excretion 


General anesthetics like ether, halothane, volatile substances administered in the form 
of inhalation are absorbed into the blood through the lungs by passive diffusion. The 
simple principles of gaseous exchange operate in their excretion by diffusion into the expired 
air. Factors such as the solubility of drug in blood, its volatility and concentration in blood, 
blood flow rate to lungs and body temperature govern their pulmonary excretion. Liquids 
like ethanol and benzene are also excreted through the lungs because of their volatility 
and low solubility in blood. 


Secretion of Drugs into Milk 


The epithelium of the mammary gland separates milk from the plasma and acts as a lipoid 
membrane for the transport of various substances. The pH of milk ranges between 6.4 
and 7.6 with an average of 6.6. The passive diffusion of a drug from blood to milk depends 
on the drug concentration in maternal blood, the lipid solubility and the degree of ionization 
of the drug, the degree of protein binding and the pH of the milk. Because of the lower 
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pH of the milk, weakly basic drugs concentrate more in milk and have a milk/plasma ratio 
greater than unity whereas the weakly acidic drugs have a milk/plasma drug concentration 
ratio less than unity, and exhibit low levels in milk. 


In general, the daily production of milk is about 850 ml and greatly varies depending 
upon the general health of the mother and the frequency of breast feeding. Excretion 
of drugs into milk is not more than 1% of the administered dose and hence does not affect 
the new born. It has been observed that the amount of a drug that reach the new born 
via milk is far less than the amount required to elicit therapeutic or toxic effects. However, 
certain drugs may cause side effects depending upon the dose and frequency of 
administration. For example, potent drugs like morphine and ergotamine, antibiotics like 
tetracyclines, sulfonamides and even nicotine present in tobacco are found to reach the 
new born via milk in considerable quantities and precipitated toxic/side effects. 


Gastrointestinal Excretion 


Drugs administered by the oral route are absorbed and reach the systemic circulation. 
The unabsorbed drug is excreted in feces. If the conditions are favorable, drugs can be 
excreted into the GIT by passive diffusion and may be eliminated. This is reversal of 
absorption. The metabolites and the conjugates excreted into the GIT via bile are also 
eliminated through the GIT. Some conjugates may be hydrolyzed by the intestinal microbial 
flora and are absorbed again into the systemic circulation leading to entero-hepatic 
circulation. Nicotine and quinine are found to be excreted into the stomach. 


Genital Excretion 


The genital secretions may contain drugs since the epithelium separating the blood and 
these special structures is also lipid in nature and passive diffusion of drugs is possible. 
However, very little information is available on the genital excretion of drugs. Some drugs 
have been detected in semen. 


Excretion Through Sweat 


One of the ways of controlling the body temperature is by controlling the rate of sweating. 
Sweat contains water, elelctrolytes, sebum etc. The diffusion of drugs into the sweat also 
follows a simple passive diffusion and all the factors involved in passive diffusion are also 
apply here. It has been reported that excretion of drugs and their metabolites through 
the skin are also responsible for urticaria and dermatitis and other related hypersensitivity 
reactions. Several drugs like antipyrine, salicylic acid and heavy metals like lead and 
arsenic are excreted in sweat. 
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Likely Questions 


1. 
2. 
3. 
4. 


Define renal clearance. 
What are the principle processes involved in the urinary excretion of drugs ? 
How will you determine the GFR ? 


Explain why the plasma protein binding will prolong the renal clearance of a drug 
that is excreted by glomerular filtration, but does not affect the renal clearance of 
a drug excreted by both glomerular filtration and active tubular secretion. 


How the renal clearance of drugs is useful in assessing the mechanism of urinary 
excretion? What are the limitations for this ? 


Discuss the factors influencing the passive reabsorption of drugs from the renal tubules. 


Mention the characters of a substance used for the determination of : (a) GFR and 
(b) The renal blood flow. 


Explain the effect of alkalization and acidification of the urine on the renal clearance 
of a drug with a pKa of 9.4. 


Define the term biotransformation. 


. What is the basic function of Phase | reactions? 

. Why Phase II reactions are called as true detoxification (synthetic) reactions? 

. Why is the liver considered as the major organ involved in detoxification? 

. What are the various sites of drug metabolism in the body? 

. Write a note on metabolism of enantiomers. 

. What is regioselectivity ? 

.. List the various factors that are responsible for variation in enzymes in humans. 
. What is enzyme induction? How many types of enzyme inducers are there? 

. What is autoinduction? 

. How will you differentiate the competitive and noncompetitive inhibition? 


Give Michaelis-Menten equation and explain the terms in it? 


. Show that the order of an enzymatic reaction is dependant on drug concentration. 
. What is Lineweaver-burk equation? What is its use in enzyme kinetics? 


How will you calculate the hepatic clearance of drugs? 


. Give an equation that shows the relation between hepatic clearance, hepatic blood 


flow rate and intrinsic clearance of a drug. 
What is the influence of protein binding on hepatic clearance? 


www.webofpharma.com 


26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 


Drug Elimination 145 


What is the first-pass effect? 

What is the influence of molecular weight of a compound on its biliary excretion? 
Draw a diagram showing the enterohepatic cycling of drugs. 

Write a note on extrahepatic metabolism. 

Give an equation for saliva/plasma drug concentration ratio. 

What are the factors that influence the salivary excretion of drugs? 

List the minor pathways of drug elimination. 


How drug enters the milk from the blood? The pKa of tolbutamide is 5.4. If the pH 
of saliva is 6.5, the pH of plasma is 7.4, the fraction unbound drug in plasma and 
saliva are 0.09 and 1.0 respectively, calculate. 
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introduction 


Pharmacokinetics is the subject that deals with the rates of movement of a drug and/or 
its metabolite(s) in the body and forces acting on the process. Absorption, Distribution, 
Metabolism and Excretion of drugs are the processes in which a drug moves in the body 
at various rates. Relative rates of these “ADME processes” determine the time course 
of the drug in the body, the most important of the receptor sites which are responsible 
for the pharmacological action of drugs. Pharmacokinetics will explain the rates of movement 
of drugs in the body with the help of a suitable mathematical model. 


In pharmacokinetics, the concentration of a drug in plasma of any physiological fluid 
such as urine, saliva, milk etc., is determined with respect to time following its administration. 
The concentration of a drug in a physiological fluid versus time data is used to study the 
dynamics of the drug in the body with the help of mathematical equations, derived on the 
basis of a model and set of assumptions. 


5.1 Mathematical Model 


Mathematical models are a collection of mathematical quantities, operations and relations 
together with their definitions. A mathematical mode! used must be realistic and practical, 
since mathematics are applied to a highly inconsistent biological system. The set of 
assumptions made in deriving a mathematical equation must be logical and practical. 
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Qualities of a mathematical mode 


1. Validity: It should have practical applicability and should be valuable in describing 
the events chosen accurately with high precision. 


2. Generality: Once developed, a mathematical model should have a general application 
to all the drugs that behave similarly under a given set of conditions or assumptions. 
This is one of the best qualities of a mathematical model. 


3. Prediction Ability: It should allow the calculation of new parameters which are not 
in actual data and should predict the qualitative and quantitative changes in these 
parameters under a given condition. The parameters like the rate constants, half- 
lives of drug, etc., can be calculated. 


4. Computability: The application of a model to biological science in general and 
pharmacokinetics in particular is dependent on the degree of computability. The 
assessment of the data should be easy and must not involve lengthy mathematical 
equations and quantities, making calculation of parameters with a simple calculator 
practically impossible. 


5. Consistency of Results: Reproducibility course is an important quality of a 
mathematical model. Unless the results are reproducible, the model is of little use. 


Why the Data Should be Fit in a Mathematical Model 


The data obtained in a pharmacokinetic study is analyzed by fitting it into a mathematical 
model. There are many reasons for this and the important ones are : 


1. To Summarize the Data Observed: It is difficult to understand the data observed 
as it is and hence the data are summarized in the form of parameters. For example, 
a drug was given intravenously and the blood concentration versus time data were 
obtained. By fitting this raw data into a suitable mathematical model, the elimination 
rate constant, K, can be calculated. Now, the data is summarized in the form of 
K. If the dose injected and K are known, the data can be regenerated and also 
an entirely new data can be obtained which are not present in the original data. 


2. Flexibility: The data can be analyzed by fitting the data in a suitable mathematical 
model. The same data can be analyzed by another model. For example a urine 
data obtained by a study can be analyzed either by the Sigma-minus method or by 
excretion rate method. 


3. To calculate the unknown Parameters: By using the available data various 
quantities and pharmacokinetic parameters can be calculated which are valuable 
and not present in actual data. For example, biological half-life, absorption half- 
life of a drug etc. 


4. To Predict Valuable Information: The pharmacokinetic parameters estimated from 
the data by fitting it in a suitable mathematical model are useful in predicting valuable 
information regarding the dosage form performance. For example, blood concentration 
vs time data obtained following a single dose can be utilized in predicting the blood 
concentration time profile following multiple dosing. 
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To compare Different Formulations of a Drug: Various formulations developed 
after extensive research and development are to be evaluated with respect to their 
biological performance and the best formulation has to be introduced into. the market. 
The task is achieved by conducting experiments on human volunteers and calculating 
various pharmacokinetic parameters such as peak time (t,), maximum concentration 


(Cmax) area under the curve (AUC) from the data. 


. To Compare the Drugs with Similar Pharmacological Action: By fitting the blood 


concentration vs time data of two different drugs with a similar pharmacological activity, 
the intrinsic activities of drugs and their pharmacodynamics can be compared. 


. To Define Therapeutic Window: With the help of pharmacokinetic values obtained 


from blood concentration time data, toxicologist can make a correlation between the 
concentration of a drug in the body and toxic effects. The minimum and maximum 
therapeutic levels of a drug in the body can be predicted within reasonable limits. 


. To Get Answer to Various Questions Pertinent to Drug: Further, there are so 


many fundamental questions with respect to a drug, which are answered only by 
pharmacokinetics; they are: 

Is the drug absorbed and to what extent ? 

Do other things such as food, other drugs, interfere with the absorption of the 
drug ? 

What is the nature of the dose-response plot ? 

How the drug behaves at different doses ? 

What are optimum dosage regimens for the drug. 

Has the drug undergo gut metabolism, and the first pass effect ? 

What is the distribution pattern of the drug in the body ? 

How is the drug eliminated and how fast ? 

What are the factors that affect the rate of elimination of the drug ? 

Is the pharmacological action observed is due to the parent drug or a metabolite? 


Is there a correlation between the pharmacological response and pharmacokinetic 
data ? 


Does the situation change with multiple dosing ? 


Drug Levels in Blood 
extravascular administration, the drug reaches the blood circulation by a process 


known as absorption. A plot of blood concentration of the drug versus time is utilized in 
understanding various important parameters of therapeutics. Fig. 5.1 shows the blood level 
profile of a drug following an oral route of administration. 
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Fig. 5.1 Blood leve! profile of a drug following oral administration. 


Meaning of various terms used in the graph : 


Minimum Therapeutic Level: Can be defined as the minimum concentration of a drug 
in the blood required to elicit a desired therapeutic effect. 


Maximum Safe Level: Can be defined as the blood levei of a drug beyond which side 
effects or untoward effects will result. 


Therapeutic window: Is the range of concentration of a drug in blood from the minimum 
therapeutic level (minimum effective level) to the maximum safe level (minimum toxic level). 


As long as the drug levels are maintained within the therapeutic window, therapeutic 
effect is observed without side effects or toxic effects. 


Onset of Action: The onset of action may be defined as the time period required to 
achieve the minimum effective concentration following the administration of the dosage 
form. 


The onset of the action depends on (1) the administered dose, (2) the release of 
the drug from the dosage form, (3) the rate of absorption, and (4) the rate of elimination 
of the drug from the body. 


Termination of Action: may be defined as the time period after which the drug levels 
in blood fall below the minimum therapeutic level and any therapeutic effect is not observed. 


Duration of Action: The duration of action may be defined as the length of time for 
which the blood level remains above the maximum therapeutic level and below the maximum 
safe level or more specifically within the therapeutic window. 


Maximum Concentration (C nax): Is the maximum concentration of the drug in the blood 


that can be observed following administration of the dosage form. 


Peak Time (t,): May be defined as the time period at which a maximum concentration 
of the drug is observed in the blood following administration of the dosage form. 


Fraction of the Dose Absorbed (F) : is the ratio of the amount of drug ultimately reaching 
the blood stream to the total dose administered. 
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The value of F will be unity if the total administered dose reaches the blood circulation. 


Many dosage forms often show F values less than unity because of the under mentioned 
factors: 


1. 


2. 
3. 


Slow release of the drug from the dosage form and loss of the unabsorbed drug 
through feces. 

Degradation of the drug in the GIT due to chemical or enzymatic processes. 
The drug undergoes the first pass effect. A drug may be stable in the GIT, and 
absorbed from the GIT completely, but if the drug undergoes extensive metabolism 
in the liver during its first passage, then the amount of drug reaching the blood stream 
will be less than the administered dose. 


So, a simple blood concentration vs time plot following the administration of a dosage 


form gives a lot of information about the biological performance of the drug. However, 
~ there are so many other pharmacokinetic parameters useful in designing, developing and 
evaluating the dosage form. 


Desired Characters of an Ideal Drug 


In order to achieve the best therapeutic effect, one expects a drug should have the 


below features. 


1 


Oot Ww NY 


. Absorb quickly from the absorption site. 

. Arrive at the site of action rapidly and in sufficient quantity. 
. Remain for a sufficient duration of time. 

. Be removed from the site of action eventually, 

. Not get distributed to any other tissue. 

. Have a large therapeutic index. 


It is generally difficult to obtain all these characters in a drug. Most of the times 


the site of action is unknown or not understood. Even if the site is known, it is generally 
difficult, if not impossible, to determine the drug concentration at the active site in human 
beings. Whole animals studies involving sacrifice and tissue analysis are possible in animals. 
They may suffer from some disadvantages also. In addition to the cost factor encountered 
in the sacrifice of animals. as a function of time, there is also the problem of variation between 
animals. A pharmacokinetic study will attempt to overcome this disadvantage by using 
each volunteer as his own reference and studying the time course of the drug in the human 
physiological fluids such as blood/serum/plasma or urine or milk, or saliva. 


The basic assumption made in these studies is that there exists a linear relationship 


between the drug concentration in the blood and the tissue (the site of action) and any 
change in drug concentration in the tissue quantitatively reflects in the blood. This 
assumption is justified in most of the cases since every tissue is perfused with blood 
continuously. 


In brief, pharmacokinetics is concerned with quantitatively accounting for the where 


abouts of a drug after it has been introduced into the body. By analyzing the content 
of accessible fluids, one uses kinetics to make deductions regarding the amount of the 
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drug in non-accessible regions-perhaps even the site of action. Various pharmacokinetic 
parameters are calculated based on a mathematical model that are useful in many fields 
of pharmaceutical sciences. 


5.3 Pharmacokinetic Models 


Various mathematical models can be devised to simulate the rate processes of drug 
absorption, distribution, metabolism, and elimination. These mathematical models are useful 
in the development of equations to describe drug concentrations in the body as a function 
of time. Because drug concentrations are dependent on time, the two variables drug 
concentration and time, are called dependent and independent variables, respectively. 
In practice, pharmacokinetic parameters are not measured directly but are determined 
experimentally from a set of dependent and independent variables collectively known as 
data. From these data a pharmacokinetic model is estimated and tested for validity and 
the pharmacokinetic parameters are obtained. 


The model chosen for an analysis of the data is based on a hypothesis and set 
of assumptions that describe biological events in a mathematical form. Care has to be 
taken when relying totally on pharmacokinetic model to predict drug action. In general, 
the data are analyzed with the simplest pharmacokinetic model and statistical methods 
are used to find out how best the model fits the data. If the model does not fit accurately 
all the experimental observations, a new and more complex model (hypothesis) may be 
proposed and subsequently tested. It is always important to realize that the pharmacokinetic 
data should not replace clinical observations in the patient and sound judgment by the 
clinician. Pharmacokinetic models are divided into the : 


1. Compartment models 

2. Physiologic pharmacokinetic model (flow model) 
3. Non-compartmental pharmacokinetics 

4. Non-linear pharmacokinetics 


5.3.1 Compartment Model 


One of the problems in arriving at a more accurate dosage regimen and a more meaningful 
interpretation of a biological response to a dose, is the inaccessibility of drug concentration 
at the active site. 


In order to approximate a solution to this problem, the technique of compartmental 
analysis has come into use. The blood concentration versus time data is fitted into a 
simple mathematical model and the suitability of the model is assessed using statistical 
methods. If the data do not fits into the simple model, a more complex model is applied 
and tested till a best model that describes drug concentration in blood vs time is found. 


In a pharmacokinetic analysis of the data, the living system (human body) is assumed 
to consist of a number of interconnected compartments. A compartment is defined as 
a group of tissues which behaves uniformly with respect to the drug movement. Each 
tissue may have a different concentration of drug but they all are in an equilibrium in such 
a way that a change in drug concentration in these tissue is linear or similar. 
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Each compartment behaves differently regarding the drug concentration time course 
data. The classification or division of compartments is based on the degree of vascularity 
i.e. the blood flow to and from the compartment. 


The human body is divided into compartments based on the vascularity and the 
distribution pattern of the drug. 


1. Plasma/serum/blood: Highly perfused lean tissue group, consisting of blood cells, 
heart, lungs, hepatoportal system, kidneys, glands and also certain tissues protected 
by specialized lipid membranes such as the brain and the spinal cord. 

2. A poorly perfused lean tissue group, consisting of the muscle and skin. 

3. A fat group, consisting of adipose tissue including bone marrow. 

4. A negligible perfused tissue group, consisting of bones, teeth, ligaments, tendons, 
cartilages and hair. 


A graphical analysis of the plasma concentration time data following an |.V. injection 
can be used to estimate the number of compartments. The log concentration versus 
time graph shows lines with different shapes corresponding to different compartments. 
A statistical analysis of the plasma concentration time data is another method used 
to find out the number of compartments. Computer programmes are available for this 
purpose. 


Mammillary Model 


The mammillary model is the most common compartment model used in pharmacokinetics. 
The model consists of one or more peripheral compartments connected to a central 
compartment. The central compartment consists of plasma and highly perfused tissues 
in which the drug distributes rapidly. The drug introduced into a compartment reaches 
central compartment and from there it distributes to all other compartments which are 
connected to central compartment. Elimination of the drug is assumed to occur from the 
central compartment since the major organs involved in drug elimination, primarily kidney 
and liver, are present in the central compartment. 


Fig. 5.2 shows several types of compartment models. Compartment 1 represents 
the plasma or central compartment, and compartments 2, 3 and 4 represent tissue 
compartments or peripheral compartments. The pharmacokinetic rate constants are 
represented by the letter K and the number represent the direction of the drug movement 
between the compartments. For example, K}, means the rate constant with respect to 
drug movement from compartment 1 to compartment 2. 


The drawing of models gives a visual representation of the rate processes involved, 
shows how many pharmacokinetic rate constants are necessary to describe the process 
adequately, and enables the pharmacokineticist to develop differential equations to describe 
drug concentration changes in each compartment. 
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Model 1. One-compartment open model 1. V in junction 


E a 


Model 2. One-compartment open model with the first-order absorption 


Fig. 5.2 Various compartment models. 


Two parameters are needed to describe model 1 (Fig. 5.2). The volume of the 
compartment and the elimination rate constant, K. In case of Model 4, the pharmacokinetic 
parameters consist of the volume of compartment 1 and 2 and the rate constants - Ka, 
Ky3, Ky. and K, - for a total of six parameters. 


In studying these models, it is important to know whether drug concentration data 
may be obtained directly from each compartment. For models 3, and 4 (Fig. 5.2) data 
concerning compartment 2, can not be obtained easily because the tissues are not easily 
sampled and may not contain homogenous concentrations of the drug. If the amount of 
the drug absorbed and eliminated per unit time is obtained by sampling compartment 1, 
then the amount of the drug contained in the tissue compartments can be estimated 
mathematically. For this purpose, appropriate mathematical equations for describing these 
models and evaluating the various pharmacokinetic parameters are to be used. 


Multi-compartment characteristics 


On intravenous bolus administration, many drugs distribute sufficiently slow so that a 
significant fraction of the dose is eliminated before a distribution equilibrium is achieved. 
A semilogarithmic plot of drug concentration in plasma versus time results a curve as shown 
in Fig. 5.3. The data can not be described by a single exponential expression (i.e., a 
single compartment). At the outset drug concentration decline rapidly for some time after 
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Log C 


Time 
Fig. 5.3 Semi logarithmic plot of plasma drug concentration versus time after intravenous bolus 
administration of a drug a with multi compartment characteristics. 


which a linear relationship between drug concentration and time is observed. The entire 
curve can usually be described by a mathematical expression that contains either two or 
more exponential terms. 


The drug is assumed to distribute instantaneously into the central compartment, the 
apparent volume of which is usually larger than the blood volume. The drug is simultaneously 
but more slowly distributed into the peripheral compartments and eliminated. 


Caternary Models 


Another type of compartment model called caternary model, consists of compartments joined 
to one another in a row like the compartments of a train (Fig. 5.4). In contrast, the mammillary 
model consists of one or more compartments around a central compartment like satellites. 
Since most of the functional organs of the body are directly connected to the plasma, 
caternary model is not used as often used as the mammillary model. 


K12 K23 
—| 1 ali iiy 2 a 3 
>: < 
Fig. 5.4 Example of caternary model. 


5.3.2 Physiologic Pharmacokinetic Model (Flow model) 


Physiologic pharmacokinetic models, also known as blood flow or perfusion models, are 
pharmacokinetic models based on known anatomic and physiologic data. The models 
kinetically describe the data with the consideration that the blood flow is responsible for 
distributing a drug to various parts of the body. Uptake of a drug into organs is determined 
by binding of the drug in these tissues. In contrast to the tissue volume of distribution, 
the actual tissue volume is used. Because there are many tissue organs in the body, 
each tissue volume must be estimated and its drug concentration described. The model 
would potentially predict realistic tissue drug concentration, which the compartment model 
fails to do. Unfortunately, much of the information that is required for adequately describing 
a physiologic pharmacokinetic model is experimentally difficult to obtain. In spite of the 
limitation, a physiologic pharmacokinetic model does provide a much better insight of how 
physiologic factors may change drug distribution from one animal species to another. Other 
major differences are as follows: 
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First, no data fitting is required in the perfusion model. Drug concentrations in the 
various tissues are predicted by the organ tissue size, blood flow, and experimentally 
determined drug-fissue-blood ratios (i.e., partition of the drug between the tissue and the 
blood). 


Second, blood flow, tissue size, and the drug tissue-blood ratio may vary due to certain 
pathophysiologic conditions. Thus the effect of these variations on drug distribution must 
be taken into account in physiologic pharmacokinetics models. 


Third, and most important of all, physiologically based pharmacokinetic models 
can be applied to several species, and with some drugs human data may be extrapolated. 
Extrapolation is not possible with compartment models, because the volume of distribution 
in such models is a mathematical concept that does not relate simply to the blood volume 
and blood flow. To date, numerous drugs (including digoxin, lidocaine, methotrexate, 
and thiopental) have been described with perfusion models. Tissue levels of some 
of these drugs can not be predicted successfully with compartment models, although 
they generally, describe blood levels well. An example of a perfusion model is shown 
in Fig. 5.5. 
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Fig. 5.5 Pharmacokinetic model of drug perfusion. 


The number of tissue compartments in a perfusion model varies with the drug-to- 
drug. Typically, the tissues or organs that have no drug penetration are excluded from 
consideration. Thus, such organs as the brain, the bones, and other parts of the central 
nervous system are often excluded, as most drugs have little penetration into these organs. 
To describe each organ separately with a differential equation would make the model very 
complex and mathematically difficult. A simpler but equally good approach is to group 
all the tissues with similar blood perfusion properties into a single compartment. A perfusion 
model has been successfully used to describe the distribution of lidocaine in blood and 
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various organs. In this case, organs such as lung, liver, brain and muscle were individually 
described by differential equations, whereas other tissues were grouped as RET (rapidly 
equilibrating tissue) and SET (slowly equilibrating tissue). 

The differential equations that describe drug distribution are usually solved by 
numerical integration with the model as a base, and the entire time course of drug levels 
in various tissue organs can be simulated. 


The real significance of a physiologically based model is the potential application 
of this model in the prediction of human pharmacokinetics from animal data. The mass 
of various body organs or tissues, extent of protein binding, drug metabolism capacity, 
and blood flow in humans and other species are often known or can be determined. Thus, 
physiologic and anatomic parameters can be used to predict the effects of drugs on a 
humans and their effects on animals in cases where human experimentation is difficult 
or restricted. 


Table 5.1 Drug Concentration and the Product of Drug Concentration and Time at Different 
Sampling Times. 


Time (t) Concentration (c) Concentration -time (c.t) 
(hr) (mg/ml) (mg/ml) (hr) 


5.3.3 Noncompartmental pharmacokinetics 


Statistical moment theory: A pharmacokinetic analysis of blood concentration of a drug 
versus time data using compartment models involves application of mathematical equations 
developed based on a set of assumptions. Noncompartmental methods do not need such 
assumptions. Noncompartmental methods for calculating absorption, distribution, and 
elimination parameters are based on the theory of statistical moments. 


Statistical moment theory provides a unique way to study time-related changes 
in drug concentration in the plasma and/or tissues. The zero moment of a drug 
concentration in the plasma versus time curve is the total area under the curve from 
time zero to infinity (AUC,). The zero moment of a drug concentration in a plasma- 
time profile is the total area under the curve resulting from a plot of drug concentration 
versus time. The first moment of a plasma concentration-time profile is the total area 
under the curve, resulting from a plot of the product of drug concentration and time 
versus time (AUMC,«). 
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in calculating various pharmacokinetic parameters, the plasma concentration versus 
time data is plotted (Fig. 5.6) and the AUC from t=0 to the last sampling time, t*, is calculated 
by means of the trapezoidal rule (See Appendix |). Table 5.1 shows concentration data 
obtained during and after 1 hour constant rate intravenous infusion. Also listed are the 
values of (C)x(t) (concentration multiplied by time). These values are plotted against time 
in Fig. 5.6. The area under the (C)x(t) versus t plot from t=0 to the last sampling time, 
t*, is called the first moment of drug concentration with respect to time (AUMC). The area 
under the curve from t* to « for both the curves may be estimated using appropriate equations 
to obtain AUC% and AUMC®. Addition of these areas to AUC," and AUMC," result in total 
areas under zero moment and first moment curves, AUC5 and AUMC>, respectively. Various 
pharmacokinetic parameters are calculated using the above values. 


Concentration 


Time (hrs) 

Fig. 5.6 Plots of drug concentration (ug/ml) (e) and drug concentration-time (ug-hr/ml) (X) versus 
time, during and after 1 hour constant rate intravenous infusion. The area under the drug conc. 
versus time plot to infinity is AUCo*, the area under the drug conc. time versus time plot to 
infinity is AUMCo*. 


5.3.4 Non-Linear Pharmacokinetics 


The estimation of various pharmacokinetic parameters such as absorption rate constant, 
elimination rate constant, plasma clearance etc., is based on the assumption that these 
parameters does not change upon the administration of a drug in different doses or when 
multiple doses of a drug are given. With some drugs, increased doses or chronic medi¢ation 
can cause deviations from the linear pharmacokinetic profile observed with single low doses 
of the same drug. This nonlinear pharmacokinetic behavior is also termed dose-dependent 
pharmacokinetics. The time of administration of a drug may influence the pharmacokinetic 
parameters of the drug, which are termed as time-dependent pharmacokinetics. In 
addition nonlinear pharmacokinetics may be observed due to a pathologic alternation in 
drug absorption, distribution, and elimination. Hence, this topic is discussed in detail later 
in this book. 


5.4 Pharmacokinetic Study 


Biopharmaceutic and pharmacokinetic studies of drugs and drug products are useful in 
understanding the relationship between the physicochemical! properties of a drug product 
and the pharamacologic or clinical effect. Fig. 5.7 is a general scheme describing this 
dynamic relationship. 
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Biopharmaceutics considers the inter-relationship of the physicochemical properties 
of drugs, the dosage form in which drugs are given, and the route of administration on 
the rate and extent of systemic drug absorption. Thus, biopharmaceutics includes factors 
that influence the release of drug from a drug product, the rate of dissolution of the drug, 
and the eventual bioavailability of the drug. Pharmacokinetics involves the kinetics of 
drug absorption, distribution, excretion, and metabolism. Elimination of a drug means both 
excretion and metabolism. The description of drug distribution and elimination is often 
termed drug disposition. 


In order to estimate pharmacokinetics of a drug or drug product, drug concentration 
in a biological sample versus time data are required. Actually the concentration of the 
drug at the receptor site versus time data are required to make a meaningful interpretation 
of a biological response to a dose. Practically it is not possible to obtain the biological 
sample from a human being at which drug acts and hence few biological fluids, such as 
blood/plasma/serum, urine, milk, saliva etc., are utilized in any pharmacokinetic study. In 
most of the pharmacokinetic studies plasma concentration of drug-time data are used to 
estimate various pharmacokinetic parameters and to assess the biological effects. The 
assumption in using the plasma drug concentration-time data to assess biological response 
is that there exists a dynamic equilibrium between the plasma and tissue (receptor site) 
drug levels, and a change in drug levels in the plasma qantitatively reflects a change in 
the tissue drug levels. 


Drug in tissue and other fluids of 


distribution 


Drug in systematic 
circulation 


Drug release and |_Absorption 
dissolution 
Excretion of intact 
drug and metabolites 


Pharmacological or 
clinical effect 


Metabolism 


| 


Metabolites 


Fig. 5.7 Scheme demonstrating the dynamic relationship between the drug and 
pharmacological effect. 
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A drug or a drug product is administered to human volunteers by a selected route 
of administration. The number of subjects, the period of study, biological sample, number 
of samples to be collected, time intervals at which samples have to be collected should 
be decided prior to the study. The biological fluid collected at different time intervals is 
analyzed for drug content. The drug concentration in a biological fluid versus time data 
is utilized for pharmacokinetic analysis. 


5.4.1 Sampling of Biological specimens 


Only a few biologic specimens may be obtained safely from the patient to gain information 
regarding the drug concentration in the body. Invasive methods include sampling blood, 
spinal fluid, synovial fluids, tissue biopsy, or any biologic material that requires parentral 
“or surgical intervention in the patient. In contrast non-invasive methods include sampling 
of urine, saliva, feces, expired air, or any biological material that can be obtained without 
parentral or surgical intervention. The measurement of drug concentration in each of these 
biologic materials yields different information. 


Measurement of drug concentration in the blood, serum, or plasma is the most direct 
approach to assess the pharmacokinetics of the drug in the body. The whole blood contains 
cellular elements including red blood cells, white blood cells, platelets and various other 
proteins such as albumin and globulins. In general, serum or plasma is used for drug 
measurement. To obtain serum, the whole blood is allowed to clot and the serum is collected 
from the supernatant after centrifugation. Plasma is obtained from the supernatant of 
the whole blood to which an anticoagulant such as heparin has been added. Therefore, 
the protein content of serum and plasma is not the same. Plasma perfuses all the tissues 
of the body including the cellular elements in the blood. Assuming that the drug in the 
plasma is in dynamic equilibrium with the tissues, then changes in drug concentration in 
the plasma will reflect changes in the tissue drug concentration. 


Spinal fluid, synovial fluid and tissue biopsies are occasionally removed for diagnostic 
purposes. They may be used to ascertain the presence of a drug in sufficient concentration 
in the biological specimen. 


Measurement of a drug in urine is an indirect method to ascertain its bioavailability. 
The rate and extent of drug excreted in the urine reflect the rate and extent of systemic 
drug absorption. The use of urinary drug excretion measurements to establish various 
pharmacokinetic parameters is discussed elsewhere in this text. Measurement of the drug 
in feces may reflect the drug that has not been absorbed after an oral dose or may reflect 
that has been biliary secreted after systemic absorption. In mass balance studies estimation 
of a drug content in feces is carried to account for the entire dose given to the patient. 
For any mass balance study, both urine and feces are collected and their drug content 
is measured. For specialized dosage forms, which release the drug by a process of leaching 
without disintegration and dissolution, fecal collection is performed to obtain the dosage 
form. The dosage form is assayed to account for the unreleased drug. 


www.webofpharma.com 


160 Biopharmaceutics and Pharmacokinetics 


‘ Measurement of drug concentration in saliva has been carried for several drugs for 
therapeutic drug monitoring. If the ratio of drug concentration in saliva to drug concentration 
in plasma is constant, therapeutic drug monitoring can be carried out with salivary drug 
concentration. This concept is based on the fact that the drug in saliva is in an equilibrium 
with the drug in plasma so that a change in drug concentration in saliva reflects a change 
in plasma drug concentration 


§.4.2 Significance of Measuring Plasma Drug Levels 


The drug concentration in the tissue, which contains a receptor, is often related to the 
observed intensity of the pharmacologic or toxic effect of a drug. Because most of the 
tissue cells are richly perfused with tissue fluids or plasma, estimation of the plasma drug 
level is an appropriate method of monitoring the course of therapy. 


Monitoring the concentration of drugs in blood or plasma ascertains that the calculated 
dose actually delivers the plasma level required for the therapeutic effect. Clinically, individual 
variations in the pharmacokinetics of drugs are quite common. Moreover, the patients 
physiologic functions may be affected by disease, nutrition, environment, concurrent drug 
therapy, and other factors. The relationship between plasma drug concentrations and 
pharmacological response is best explained by pharmacokinetic models. For example, 
measurement of drug concentration in a single blood sample for a patient will not give 
any useful information. In order to apply this information properly, it is important to know 
when the blood sample was drawn? what dose of the drug was given? What was the route 
of administration? If a proper information is available, the use of pharmacokinetic equations 
and models may describe the blood level time curve accurately. 


Monitoring of drug plasma concentrations allows for the adjustment of the drug dosage 
in order to individualize and optimize therapeutic drug regimens. In the presence of alteration 
in physiologic functions due to a disease, monitoring plasma drug concentrations may provide 
a guide to the progress of the diseased state and enable the investigator to modify the 
drug dosage accordingly. Clinically, a sound medical judgment and observation are most 
important. Therapeutic judgments should not be based solely on the plasma drug 
concentrations. 


In many cases, the pharmacodynamic response to the drug may be more important 
to measure than just plasma drug concentration. For example, the electrophysiology of 
the heart including an electrocardiogram (ECG) is important to assess patients medicated 
with cardiotonic drugs such as digoxin. For an anticoagulant drug such as_dicumarol, 
prothrombin clotting time might indicate whether a proper dose was achieved. Most diabetics 
taking insulin will monitor their blood or urine glucose levels. 


For drugs that act irreversibly at the receptor site, plasma drug concentrations do 
not accurately predict pharmacodynamic response. Drugs used in cancer chemotherapy 
often interface with nucleic acid or protein biosynthesis to destroy tumor cells. For those 
drugs, the plasma drug concentration does not relate directly to the pharmacodynamic 
response. in this case, other pathophysiologic parameters are monitored in the patients 
to prevent adverse toxicity. 
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5.4.3 Data Required for Pharmacokinetic Analysis 


The following data are required for any pharmacokinetic analysis and interpretation of results. 

e Drug or Drug product 

e Sensitive Analytical Method for measurement of the drug in the biological specimen 

e Route of Administration 

e Dose Administered 

e Sampling interval 

e Biological specimen (generally plasma or urine) 

The plasma samples collected at different time intervals following a specified dose 

of drug product administered by a selected route of administration will be analyzed by 
a sensitive analytical method to get the drug concentration in the plasma versus time profile. 


These data are subjected to a pharmacokinetic analysis to obtain various pharmacokinetic 
parameters. 
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Likely Questions 


1. 
2. 
3. 


What are the qualities of a mathematical model? 
Why the plasma drug concentration-time data should be fit in a mathematical model? 


Define (a) Therapeutic window, (b) Duration of action (c) Maximum concentration 
(Cmax) and peak time at which Cnag occurs (t,) following an oral administration. 


What are the desired characters of an ideal drug for the best therapeutic effect? 
How the human body is divided into compartments? What are they? 


Why a mammillary model is generally used rather than caternary model in 
compartmental pharmacokinetics? 


What are the advantages of a physiological pharmacokinetic model over other models? 
Write about sampling of biological specimens. 
Write a note on Statistical Moment Theory. 


. What is the siginificance of measuring the plasma drug level ? 


www.webofpharma.com 


One Compartment Open Model 


One Compartment Open Model 


When a drug is given extravascularly, the drug moves in the human body through the 
process of absorption, distribution, metabolism and elimination. However, the drug is 
eliminated from the body completely after some time. The body is open with respect to 
the drug movement. The movement of the drug in the body can be described with the 
help of a mathematical model. The one compartment open model, the simplest of the 
models, depicts the body as a single homogenous unit. This model is particularly useful 
for drugs which rapidly distribute between plasma and other body fluids and tissues upon 
entry into the systemic circulation. However, this model does not assume that drug 
concentration in each tissue is the same at any given point of time. The one compartment 
open model assumes that any changes that occur in the plasma levels of the drug reflect 
proportional changes in the tissue drug levels. 


Pharmacokinetic models are developed based on certain assumptions. It should 
be remembered that application of mathematics to physiological system means we are 
trying to correlate mathematics and physiological events, so the assumptions made should 
be realistic and practical. Other experimental conditions for the validity of assumptions 
-should be studied and noted. The following assumptions are made in deriving mathematical 
equations for one compartment open model: 
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1. The process of drug absorption from the absorption site may be explained by the 
first order kinetics. 


Explanation : Most drugs are absorbed by a passive diffusion mechanism that is 
governed by the first order process i.e., the rate of drug absorption is proportional 
to the drug concentration at the site of absorption. For drugs which are absorbed 
solely by active transport, facilitated diffusion etc., this assumption is not valid. 


2. Once a drug enters the systemic circulation, it rapidly distributes to other body fluids 
and tissue, and a dynamic equilibrium is achieved instantaneously between the drug 
in the blood and the drug in other tissues. 


Explanation : The drug which distributes to highly perfused tissues like the heart, 
lungs, liver, kidney, etc., can distribute quickly and attain an equilibrium between the 
drug levels in the plasma and other body fluids and tissues. 


If the drug is distributed to poorly perfused tissues, the time required for its distribution 
and equilibrium may be considerable. Hence, this simple model is not useful for 
pharmacokinetic analysis of the data obtained with such drugs. 


3. Any changes that occur in the plasma levels of a drug reflect proportional changes 
in the tissue drug levels. 


Explanation : since there exists a dynamic equilibrium between drug concentration 
in the plasma and drug concentration in the tissues, a change in the drug level of 
the plasma certainly brings a proportional change in the levels of the tissue. 


4. Elimination of the drug from the body follows an apparent first order kinetics and 
its rate constant, K, is known as an apparent first order rate constant. 


Explenation : Drug elimination can occur from the body by many processes, including 
renal, biliary, biotransformation, excretion in the expired air, etc. 


Glomerular filtration in the kidney and passive diffusion into bile are simple first order 
filtration process, where as tubular secretion, biotransformation (metabolism), and biliary 
secretions frequently involve active processes. Enzymes are involved in metabolism 
processes and hence, at higher concentration of a drug these processes may become 
saturated. The kinetics of such a saturated process can not be described by a simple 
first order kinetics. However, the drug concentrations achieved in plasma with therapeutic 
doses of the drug may not saturate the processes. Hence, the active processes involved 
in drug elimination may be approximated with first order equations. Further, the sum of 
the rate constants of all the processes involved in elimination of the drug gives an overall 
apparent first order rate constant, K. 


K = Ke + Ky + Ky + Kb +........ 6.1 


where Ke and Kb are the first order rate constants of renal and biliary excretion 
respectively and K,, and K, are apparent first order rate constants for metabolism. The 
constants are usually referred to as apparent first order rate constants to convey that 
the kinetics may be approximated by the first order kinetics. 
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In order to develop mathematical equations that describe drug concentration in the 


body fluids versus time profile, the following points should be available. 


1. 
2. 


The dose of a drug administered, X0 

The route of administration of drug. In general, in pharmacokinetics, vascular and 
extravascular routes of administration are considered. Extravascular route contains 
an additional drug movement process, known as absorption. Under the route of 
administration, three types of cases are generally considered. They are 1. intravenous 
bolus 2. intravenous infusion and 3. extravascular (oral, intramuscular etc.). 


. Biological fluid collected following the administration of the drug. In general blood/ 


plasma/serum and urine are collected for any pharmacokinetic study. 


. The form of the drug measured in the biological fluid. Unchanged drug or metabolite 


levels in the biological fluid versus time data can be used for a pharmacokinetic 
analysis. 


. Whether the kinetic study is for a single dose or for multiple doses. 
. The mathematical equations for sustained action dosage forms, timed release dosage 


forms, etc., should be developed separately. 
Table 6.1 shows the various schemes for developing mathematical models and 


equations. Each scheme has to be carefully evaluated and then mathematical equations 
have to be developed. 


Table 6.1 Scheme of study of pharmacokinetic equations in one compartment open model 


6.1 


Scheme Symbol | Route of administration | Biological fluid | Drug form | 


1.V. Bolus 

I.V. Bolus Blood/plasma/serum Unchanged drug 
I.V. Bolus Urine Unchanged drug 
LV. Bolus Blood/plasma/serum Metabolite(s) 

L.V. Bolus Urine Metabolite(s) 
1.V. Infusion 


Blood/plasma/serum Unchanged drug 
Urine Unchanged drug 
Blood/plasma/serum Metabolite(s) 
Urine Metabolite(s) 


Extravascular 
Administration 


Oral Administration Blood/plasma/serum Unchanged drug 
Oral Administration Urine Unchanged drug 


intravenous Injection (Bolus) 


When a drug is given in the form of a rapid intravenous injection (I.V. bolus), the entire 
dose of the drug enters the body immediately. In most cases the drug distributes via the 
circulatory system to all the tissues in the body and equilibrates rapidly in the body. The 
biological fluid selected for study and drug form measured in it are to be considered for 
developing suitable equations. 
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Scheme 6.1.1 1.V. Bolus - Unchanged Drug in Blood/Plasma 
The schematic representation of drug movement in the body in this case is shown below: 


I.V. bolus K 
ae [xe vac > 
Where: 
X0 = Dose of drug injected 
X = Amount of drug present in body at any time ‘t. 
Vd = Apparent volume of distribution of drug. 
C = Concentration of drug in central compartment (plasma) at any time ‘t 
K = Apparent overall first order elimination rate constant. 


Following I.V. bolus, the entire dose is in the body and is eliminated from the body 
by an apparent first order process. The rate of decrease of the amount of the drug in 
the body is only dependent upon the amount of the drug present in the body at any given 
time following !.V. bolus. Thus we can write as follows, 


dX 

a l X 6.2 
dX/dt is the rate of change of the drug amount in the body with respect to time. 

dX 

P KX 6.3 


where ‘K’ is a first order rate constant and the negative sign indicates that the drug 
is being lost from the body. 


To describe the time course of the amount of the drug in the body after injection, 
equation 6.3 must be integrated after separating the variables. 


fa: / dt = f-Kar 
0 o 


InXit = -Kith 
In X -In XO 2 -K (t-o) 


InX = InX0 - Kt 6.4 
By applying logarithms, 

log X = log X0 - Kt/2.303 6.5 
The equations 6.4 and 6.5 can be written in exponential form, 

X = X0.ett 6.6 


Where, ‘e’ represents the base of natural logarithm. 


Equations 6.4 to 6.6 are useful in describing the amount of the drug in the body 
- time data, but we need equations that describe the plasma drug concentration-time profile. 
The amount of the drug in the body and concentration of the drug in plasma can be related 
by introducing a term, Vd, the apparent volume of distribution. 


www.webofpharma.com 


One Compartment Open Model 167 


X=Vd.C 6.7 


The proportionality constant (Vd) in this equation happens to have units of volume 
and is known as the apparent volume of distribution of the drug. 


Substituting the values of ‘X’ in equation 6.5, we get 


log C = log Cy - Kt/2.303 6.8 
Where : 


C = Concentration of drug in plasma at any time ‘t 
C,= Concentration of drug in plasma at time, t = 0 


<< logC 


0 


logC 
Slope = —-K/2.303 


Time (hrs) 
Fig. 6.1 Aplot of logarithm of concentration of drug versus time following I.V. bolus. 


Plasma drug level 


(logarthmic scale) 


Time (hours) 


Fig. 6.2 Semi-logarithmic plot of plasma drug concentration-time data following !.V. bolus 
administration of drug. 


A plot of log C versus time will give a straight line with a slope of -K/2.303 
(Fig. 6.1). Plasma concentration of drug versus time plot can be made on a semilogarithmic 
graph paper. It consists of a logarithmic scale on Y-axis and a cartesian scale on the 
X-axis (Fig. 6.2). One the log scale, the spatial distribution of the value is such that the 
position of each line is proportional to the log of the value represented by the mark. This 
type of graph paper is extremely useful for pharmacokinetic calculations because the 
concentration data can be plotted directly without converting to logarithms, and concentration 
values can be extrapolated and interpolated from the plot without converting logarithms 
to numbers. 
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Semi-logarithmic graph paper is available with one, two, three or more cycles per 
sheet, each cycle representing a 10-fold increase in numbers, or a single log 10 units. 
The starting value of Y-axis should never be zero. If the starting value is 1, the next cycle 
starts with 10 and the next with 100. The intercept can be obtained by extending the 
line to time zero.’ The intercept is equal to log C, (when log c versus time plot is used) 
or C, when semilogarithmic paper is used to plot the data. Using XO and C, values, the 
apparent volume of distribution can be obtained. 

X0 LV. dose 


Vd = T = G, 6.9 


Apparent volume of distribution 


The hypothetical volume within which a drug is distributed is known as the volume of 
distribution, Vd. It does not refer to any physiological fluid volume. Itis calculated simply 
by dividing the !.V. dose by drug concentration in plasma, at t = 0, Cy. It means that the 
drug concentration in all the fluids and tissues is assumed to be same as in plasma, which 
is not true. Hence, the value of Vd only represents a theoretical volume in which the drug 
is assumed to be uniformly distributed. 


Of course, Vd will vary with body weight, so that it needs to be normalized in a way 


that allows comparisons among individuals of different body weights. Such a normalized 
Vd is the distribution coefficient, A’, calculated by the equation, 


N= sy 6.10 


Where BW is body weight. Units are usually ml/g or L/Kg, and care must be taken 
to employ appropriate units of weight, concentration and volume in Equations. 6.9 and 
6.10. Usually distribution coefficient values are provided in tables of pharmacokinetic data, 
under the heading, “volume of distribution’. 

Factors that are responsible for any non-homogenous distribution of a drug in its 
volume of distribution are: 

1. binding to plasma proteins 
. dissolution into body lipids 
. PH partition 
. active transport 
. tissue binding etc., 


ork WS NO 


Consequently, the Vd or A‘ are not useful in finding out the drug distribution pattern. 
However, they may indicate the general ability of a drug to penetrate the membranes, dissolve 
in fat or bind extensively to extravascular macromolecules. 
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Most drugs have an apparent volume of distribution smaller than or equal to the 
body mass. For some drugs the Vd may be several times the body mass. Lipid soluble 
drugs that are bound negligibly to plasma proteins have a large Vd, and are more 
concentrated intravascularly. Highly polar, poorly penetrant drugs that are highly bound 
to plasma proteins will have a smaller Vd. Drugs which bond to tissues will have a large 
Vd, because of low C, values. However, many drugs combine penetrance, lipid solubility 
and protein binding in such proportions that make it difficult to interpret the meaning of 
Vd without ancillary information. 


For each drug the apparent Vd is a constant. In certain pathological cases the apparent 
Vd for the drug may be altered if the distribution of the drug is changed. For example, 
in edematous conditions the total body water and total extracelllular water increase; this 
is reflected in a larger apparent Vd value of a drug that is highly water soluble. Similarly, 
changes in the total body weight and lean body mass may also affect the apparent Vd. 


Elimination Rate Constant 


Equation 6.8 is in the form of a straight line equation. 
y =mx+b 

Therefore, if log C is plotted against t, as shown in Fig. 6.1, the plot will be a straight 
line with an intercept (b) of log Cy, and the slope of the line (m) will be -K/2.303. Such 
plots are commonly used to determine the order of a reaction; that is, if a plot of log C 
versus time is a straight line, the reaction is assumed to be a first-order process or pseudo 
first order process. The value of K can be obtained from the slope, which is called apparent 
over all elimination rate constant. The rate constant K has the dimensions of the reciprocal 
of time, since log C is dimensionless. The slope of the line and the corresponding value 
of K for a plot such as that shown in Fig. 6.1 may be calculated using the following equation. 


log C, -log C, 
tit, 
where C, and C, are the plasma concentrations of the drug at time t, and t, 


The slope of the line can also be calculated more accurately, using the following 
equation. 


Slope (m) = -K/2.303 6.11 


2(x-x)(y-y) 
X(x-xy 

where x represents the values of time and y represents the corresponding log C values 

of drug. x and y are the arithmetic means of the values of time and log C, respectively. 


Slope (m) = 6.12 


Biological Half-life 


Biological half-life of a drug, t, is defined as the time required for the concentration to 
fall to a half of its initial value. For example, the concentration of the drug in plasma is 
10 mg/ml, the time required to bring the drug concentration in plasma to 5 mg/ml is called 
biological half life, t,,.. The half-life for a first order process or pseudo first order process 
is a constant throughout the process. A first order process never reaches completion, 
since even the lowest concentration would only fall to a half of its value in one half-life. 
It means the drug concentration in plasma never reaches zero. 
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For most practical purposes, a first-order process may be deemed “complete” if it 
is 95% or more complete. Table 6.2 shows that five half-lives must elapse to reach this 
point. Thus the elimination of a drug from the body may be considered to be complete 
after five half-lives have elapsed (i.e., 97% completion). The half-life of a drug determines 
the residence time of the drug in the body and is useful to find out the time at which the 
drug levels fall below the therapeutic levels. The half-life of a drug is used to calculate 
the dosage regimen. 


Table 6.2 Relation between number of half-lives elapsed and completeness of process 


Number of Half-lives Initial Concentration “Completeness” 
Elapsed Remaining (%) of Process (%) 


A simple relationship between the elimination rate constant, K and biological half- 
life, tn may be derived as follows: 


Log C = log Cy - Kt / 2.303 
by rearranging the above equation, 


log Co Kt. when & = 2, then t = ty, 
C 2.303 Cc 
Kt 
thus log 2 = pas 
K tip 
Oo 2.303 
K ty. = 0.3 x 2.303 = 0.693 
0.693 
K= t 6.13 
1/2 
0.693 
and t2 = K 6.14 


Area Under the Curve (AUC) 


Area Under the Curve (AUC) is an important pharmacokinetic parameter often estimated 
by several methods. It is the area under a plasma drug concentration-time curve. The 
most common method for estimating the area is the use of Trapezoidal rule (for detail 
see Appendix-l). The curve is divided into trapeziums based on data and the sum of areas 
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of all trapeziums gives Area Under the Curve up to the last sampling (AUC,'). The remaining 
area under the curve from the last time point to t = œ is calculated by integration method 
(for details see Appendix - II). 
C* 
AUC œ = x 6.15 


where C* is the concentration of the drug at the last time point, t*. 
The total area under the curve from t = 0 to t = x, AUC)«, is given by 
AUC,« = AUC} + AUC 
* 


c 
AUC, = AUC! + = 6.16 


The intensity and duration of a tissue response or antibacterial activity probably in 
most cases is a function of the concentration and persistence of the drug in the plasma. 
This in some way is related to AUC. An estimate of AUC is required to determine 
bioavailability, clearance, apparent volume of distribution, and other pharmacokinetic 
parameters. 


Clearance 


The rate of elimination of a drug from the body is directly proportional to the plasma 
concentration. 
Rate of elimination (dX/dt) « Cp where C, = plasma concentration 
dX 


or FT Ch Cp 6.17 


The proportionality constant Cl, is known as total body clearance. Total amount of 
drug eliminated from the body in infinite time is obtained by integrating the equation 6.17 
with respect to time between t = 0 and t = œ. 


Jax =C] Cdt 
0 0 
Total amount eliminated 
= Cl, [AUC] < since [Cp.at = [AUC],¢ 
0 


.. Total body clearance, 
Total amount of drug eliminated 
[AUC],* 


In the case of I.V. injection (bolus), total drug eliminated is equal to the administered 
dose (X0). 


ĉi = 


X0 (I.V.dose) 
[AUC 
Vd. C) and [AUC],* = C, / K. 


Cl, = 6.18 


But x0 
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substituting these values in equations 6.18, we get 
Cl = Vd.Cy 

t C/K 

The units of Cl, are volume/ unit time. 


Clearence is defined as the volume of fluid cleared of the drug in a unit time and 
is expressed as mi / min or L / hr or ml/kg/min. It must be remembered that clearance 
is a hypothetical or fictive quantity, since the body rarely clears a drug completely from 
a specific volume of the body fluid. 


For example, 50 mg of a drug was injected intravenously and the following 
pharmacokinetic parameters were estimated. 


=Vd.K 6.19 


Vd = 5 liters, zero time concentration (C) = 10 mg/L and the first order elimination 
rate constant (K) = 0.2 hr‘. Total body clearance (Cl) =Vd.K=5x0.2 = 1 Uhr. It 
means the amount of the drug present in 1 L of body fluid (10 mg) is eliminated in one 
hour. So, the remaining 40 mg of drug is present in 5 liters of the fluid, giving a concentration 
of 8 mg/L. In next one hour, 8 mg of the drug will be eliminated since clearance is 1 liter/ 
hr. Total body clearance is the sum of all the separate clearances that contribute to drug 
elimination. 

Cl, Clhretab + Clrenal' etc., 


The concept of clearance can be applied to the whole body or to specific organs. 
The former application is convenient way to indicate the overall drug elimination, the later 
application is used to indicate the contribution of a specific organ to drug disappearance. 


In order to calculate the total body clearance following extravascular administration 
of a drug that follows one compartment model, the amount of the drug absorbed from 
a given dose should be known. If ‘F’ is the fraction of the dose absorbed, following oral 
administration, 

F X0 (oral dose) 
=m nm .2 
Cl, [AUC]," 6.20 

Clearance is a constant for a given drug since it is a product of two constants Vd 
and K. Therefore equations 6.18 and 6.20 can be equated and solved for the fraction 
of the dose absorbed. 


I.V dose _ F (oral dose) 
[AUCh"LV.  [AUCŅ* oral 6.21 
_ (LV dose)[AUC])* oral aaa 
~ (oral dose) [AUC])° I.V. 
If the doses given by the I.V. route and the oral route are equal, then, 
AUC} * oral 
= Ete -orl 6.23 


~ [AUC], ILV 
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If the areas under the curve obtained following administration of equal doses of a 
drug by !.V. and the mouth are equal, the value of ‘F’ will be 1. i.e. the drug is completely 
absorbed. F values less than unity indicate an incomplete absorption of the drug. 


Scheme 6.1.2 1.V. Bolus - Unchanged Drug in Urine 


The drug in blood may exist as a free drug (unbound drug) and as a bound drug (bound 
to plasma proteins, cellular components etc., or within the blood cells). Only a free drug 
is available for urinary excretion. There exists a dynamic equilibrium between free drug 
and bound drug. Before making an attempt to develop mathematical equations for urinary 
excretion of drugs, it is necessary to understand the processes involved in urinary excretion 
of drugs and the factors influencing such processes. 


The mammalian kidney is composed of many units called nephrons which are the 
basic units involved in the excretion of drugs or other substances. Fig. 6.3. shows the 
structure of the nephron and formation of urine. 


Blood supply 


Distal tubule 


Filtration +--+ 


Proximal tubule 
Secretion 


Active reabsorption 


\ Pa Collecting tubule 


Passive \ 
reabsorption| 
Loop of Hente 


Fig. 6.3 Structure of nephron-formation of urine and excretion of drugs. 


Excretion of an unchanged drug or its metabolite (s) in urine is influenced by the 
following processes. 


1. Glomerular Filtration 

2. Passive Transport Across the Renal Tubule 

3. Carrier mediated Transport Across the Renal tubule 
4. Tubular Reabsorption. 


Glomerular Filtration 


Approximately 25% of the cardiac output goes to the kidneys, and 10% of this output to 
the kidneys is filtered by the glomerulus. The composition of the filtrate is same as that 
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of the plasma with respect to water and low molecular weight solutes. Glomerular filtration 
separates gross particulate matter and such colloidal materials as proteins from the 
ultrafiltrate. Only the free drug in plasma is available for glomerular filtration but not the 
bound drug. The drug concentration in filtrate is equal to that in plasma water (free drug 
concentration in plasma). 

The rate at which plasma water is filtered is called the glomerular filtration rate 
(GFR). The rate at which a drug is filtered is equal to the concentration of the free drug 
in plasma multiplied by GFR. The GFR can be measured in intact animals and humans 
by the measurement of the excretion and plasma concentration of an ideal substance, 
such as inulin. Inulin, a fructose polymer of molecular weight 5200, appears to meet all 
criteria and its renal clearance provides an index of GRF. The ideal characters of a substance 
used to estimate the GFR are, it should: 

. be freely filtered through the glomeruli, 

. not have protein binding, 

. neither be secreted nor reabsorbed by the tubules, 

. be physiologically inert and nontoxic. 

. neither be metabolized, synthesized not stored within the kidney, and 
6. easily be measured in plasma and urine. 


ao fh WD = 


Passive Transport Across the Renal Tubule 


Passive transport of exogenous compounds such as drugs, in the renal tubule involves 
a simple diffusion along a concentration gradient between plasma and urine. This 
concentration gradient is the driving force for drug diffusion. The rate of movement of 
a drug molecule is also governed by the diffusivity of the molecule through the tubular 
membrane and its featues, 


e the membrane/aqueous phase partition coefficient for the molecule, 
e the thickness of the membrane at the site of diffusion, and 
e the area of the membrane through which the molecule passes. 


Biological membranes, being lipid in nature, are more permeable to lipid soluble 
substances, and transmembrane diffusion depends in part on the lipid solubility of the 
diffusing compound. In the case of acids and bases, the unionized species exhibit a greater 
lipid solubility than the ionized species. Most of the times, the unionized species are either 
the sole diffusing species or the more rapidly diffusing species. The rate of diffusion of 
a diffusing species is governed by the concentration gradient across the membrane and 
the pKa of the compound. In the specific case of passive diffusion across the renal tubular 
membrane, the concentration gradient depends on urinary pH since intracellular and blood 
pH are essentially constant. 


Carrier Mediated Transport Across the Renal Tubule 


The rate of transfer of a drug or substance across a biological membrane is higher in 
a carrier mediated transport than in simple diffusion. Carrier mediated transport includes 
active transport and facilitated diffusion. 
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Active Transport : The term active transport is usually applied only to those systems 
in which a substance is transported across a biological membrane against a concentration 
gradient (movement of substance from a region of low concentration to a region of higher 
concentration) at the expense of energy derived from cell metabolism. 


The existence of active transport (active secretion) in the renal tubule transport system 
is well documented for organic acids and bases. Organic acids and bases are transported 
by a separate and specific active transport system. Probenicid and N'-methylnicotinamide 
are the examples of the organic anion transport system and organic cationic system, 
respectively. Neither of the systems have any high specificity. Substances transported 
by the same system compete with each other. Probenicid is used as a classic inhibitor 
of the organic anion transport system and its ability to inhibit the secretion of penicillin 
is taken as an advantage to prolong the duration of the action of penicillin. N1- 
methylnicotinamide is a classic example of an organic base that is actively transported 
by the renal tubule. 


Facilitated Diffusion 


Facilitated diffusion is also a carrier mediated transport system, differing from active transport 
in that the drug moves along a concentration gradient (i.e., moves from a region of a high 
drug concentration to a region of a low drug concentration). Therefore, this system does 
not require an energy input. However, because this system is carrier mediated, it is saturable, 
structurally selective and shows competition kinetics for drugs of similar structure. 


Tubular Reabsorption 


The drug molecules transported into the uriné by several mechanisms may again reach 
plasma by a tubular reabsorption of the drug molecules. The tubular reabsorption of drug 
molecules may be due to a passive transport and/or carrier mediated transport. 


The amount of a substance excreted by the kidney is equal to the amount filtered 
by the glomerulus plus the net amount transferred by the renal tubules (difference between 
the amount of drug excreted into urine and the amount of drug reabsorbed). 


Kinetics of Urinary Excretion 


Glomerular filtration and diffusion across the renal tubule are generally first order processes 
so that the rate of transfer of a drug is related to the amount of the drug present in plasma, 
which is in turn related to the amount of the drug present in the body. Carrier mediated 
transport processes can also be approximated by the first order process provided that 
the drug concentration achieved by a given dose does not saturate the transport systems. 
Hence, the urinary excretion of a drug can be explained by the apparent first order process. 
It should be possible to write a simple differential equation for appearance of a drug in 
urine and to relate this to the amount of the drug in the plasma. 


The concentration of a drug in tubular urine is usually influenced by changes in urine 
volume. It is therefore usually necessary to consider the excretion rate of a drug rather 
than its concentration in urine. 
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It is often feasible to determine the elimination kinetics of a drug from its urinary 
excretion data. This frequently requires that at least some of the drug is excreted unchanged. 
Consider a drug that is eliminated from the body partly by renal excretion and partly by 
extra renal processes such as biotransformation, biliary excretion etc. 


Scheme 6.1.2 


LV. bolus Blood cer 
XO xX 
KX 


y 
X0 = I.V. dose 


Where X is the amount of the drug in the body at any time t. X, and Xy are the 
cumulative amount of the drug excreted into the urine and cumulative amount of drug 
eliminated by all extra renal pathways, respectively. Ke is the urinary excretion rate constant 
and Ky is the sum of all other apparent first order rate constants for drug elimination by 
non-rena! pathways. Therefore, the overall elimination rate constant K is the sum of the 
individual rate constants that characterize the parallel elimination processes. 


K = Ke+ Ky 6.24 

1. Excretion Rate Method: Since urinary excretion of a drug follows the first order kinetics, 

the rate of appearance of the unchanged drug in urine is proportional to the amount 

of the drug in the body. The urinary excretion rate of the intact drug, dXu/dt, can be 
defined as, 

dXu/dt a X 6.25 

dXu/dt = Ke X 6.26 


X is the amount of the drug in the body at any time t. But we know that in I.V. bolus, 
the unchanged drug in blood is given equation 6.6. 


X = X0. ett 
Substituting the value of X in equation 6.26, 

dXu / dt = Ke X0 e*t 6.27 
Applying logarithms to the equation 6.27, we get 

log (dXu/dt) = log ke XO - Kt / 2.303 6.28 


The term dXu/dt is called instantaneous rate of excretion. The excretion rates are 
determined experimentally by estimating the amount of the drug excreted in a given time 
period. The average excretion rate in this time period is AXu/At. The assumption is that 
the AXu/At closely approximates dXu/dt at the mid point of urine collection period (t). The 
validity of this assumption, however, depends upon the relative collection periods and the 
drug half-life. It is important to remember that urinary excretion rates must be plotted against 
the mid points of the urine collection period and not at the beginning or end of these periods. 
As such, 


log (AXu/At) = log Ke X0 - Kt’/ 2.303 6.29 
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Therefore, a plot of log (AXu/At) versus t’ yields a straight line with a slope of 
-K / 2.303 (Fig. 6.4). This is the same slope as is obtained from semilogarithmic plot of 
plasma concentration of drug versus time. Thus, the elimination rate constant, K, of a 
drug can be obtained from either plasma drug concentration-time data or urinary excretion 
data. It must be remembered that the slope of the log excretion rate versus ť is a function 
of the elimination rate constant, K, and not of the urinary excretion rate constant, Ke. The 
intercept is equal to log KeX0O. 


<——_ Intercept = log Ke X, 


log (AXu/At) Slope = -K/2.303 


Mid point of urine collection in hours (t’) 


Fig. 6.4 Log excretion rate versus mid point of urine collection (t’). 


Table 6.3 Processing of urinary excretion data 


Time of urine | Cumulative Urine collection] AXu, mg | Excretion | Mid point urine 
collection amount of period At, hrs 3 coilection period 
drug excreted 
in the time interval 


e n represent sampling number. 


The general format of urinary data processing is provided in Table 6.3. The method 
is known as Excretion Rate Method and the other method used to describe urinary kinetics 
is Sigma-minus method. 


Calculation of pharmacokinetic parameters by excretion rate method 


The urinary excretion rate-time data obtained following |.V. bolus are first processed and 
a semilog plot of (AXu/At) versus t’ (the mid point of urine collection) gives a straight line 
with a slope of -K / 2.303 (Fig. 6.5 and Table 6.4). The over all elimination rate constant, 
K can be calculated from the slope. 


Slope = - K / 2.303 
K = Slope x 2.303 
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AX /At 


(logarithmic 
scale) 


t’ (hours) 


Fig. 6.5 Semi-logarithmic plot of (AX /At) versus t’ (mid point of urine collection) following I.V. 
bolus administration of a drug. 


Table 6.4 Urine Data Obtained Following an |.V. Bolus Dose 


Urine volume | Concentration of | Amout of AxulAt 
unchanged drug | of drug (mg/hr) 

(mg/ml) excreted 

AX, (mg) 


The intercept obtained by extending the straight line is equal to log KeX0. Since 
the dose administered is known, the urinary excretion rate constant, Ke, can be calculated. 


Biological half-life of the drug is calculated using K, value. 
t2 = 0.693 /K 


2. Sigma - Minus Method : Another method used to analyze urinary excretion data is 
sigma-minus method, which requires an accurate assessment of the total amount of 
the drug or metabolite excreted in the urine. The main advantage of this method is 
that this does not has the assumption that dXu / dt ~ AXu/At. 


The following mathematical treatment is requi:ed to get the usual equation of the 
sigma-minus method. 


The rate of excretion of the drug in urine is proportional to the amount of the drug 
in blood, 


dXu/dt = Ke X 6.30 
X = X0 e*t as per equation 6.6, substituting X, value in equation 6.30, we get 
dXu/dt = Ke X0 e*t 6.31 
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Integrating the equation 6.31 with respect to time between the limits of t= 0 tot =t. 


faxu = [Kex Oe(—Kt)dt 
0 0 


je lo: 
| Xu [jt = Kex0 —* 
-Kt 0 
Xut- Xu? = Kex0 | + > | bute? = 1 


Xut is the cumulative amount of drug excreted into urine to time ‘t’ and Xu? is the 
cumulative amount of the drug excreted to zero time, which is equal to zero 
1 en 
Xt-0 = Kex0|— = — | 
K K 
Ke X0 
K (1 - e*t) 6.32 
The total amount of unchanged drug that will be excreted in urine with a dose of 
XO to time « can be obtained by integrating equation 6.31, between limits t = 0 to t =. 


Xt= 


fax = [Rex 0e(—Kr)dt 
0 0 


a 


-Kt 
| Xu |, = KexX0 e lo 
e** e? 
Xu*- 0 = Kex0 | + PE but e« = 0; e® =1 
i = Ke X0 |0+ L 
Xi z e | K | 
. _ Kex0 as 
Xy z K g 


For a drug eliminated totally by renal excretion, K equals Ke, and therefore, the amount 
eliminated equals to X0, the administered dose. 


Substituting X,“ in equation 6.32 instead of Ke X0 / K, we get: 
Xi = X= (1 -e 6.34 
By subtracting both the sides of equation 6.34 from Xu, we get 
X- Xt =X- X= (1-e *)] 
=X -X,= +X ext 
Xe -X b= X. ett 6.35 
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Applying logarithms to equation 6.35, 
log (X,* - X, = log X,* - Kt / 2.303 6.36 


The symbol £ (sigma) is used to denote the summation and X,” is the sum of the 
amounts of the drug excreted in infinite time. A value of X,t is subtracted at every time 
point from X,“ and hence this method is called sigma-minus method. 


A plot of the logarithm of the amount of the drug to be excreted versus time is linear 
and the slope is - K / 2.303 (Fig. 6.6) that is, the same slope as a plot of log plasma 
concentration versus t or of a plot of log (AX, / At) versus t. 


Wherever possible, urine collection should be carried for a period of time equal to 
at least 7 half-lives of the drug in order to determine X,~. This presents considerable 
practical difficulties if the drug has a long half-life. 


Intercept = log X,* 


log (X,*— X) Slope = ~K/2.303 


Time (hours) 


Fig. 6.6 Sigma-minus method or the amount of the drug remaining to be excreted method for the 
calculation of the elimination rate constant according to equation 6.36. 


This problem does not arise when log (AX, / At) versus t’ is used, since urine need 
to be collected for only 3 or 4 half lives to obtain a reasonable estimation of the elimination 
rate constant and also every urine sample need not have to be collected, since to determine 
one point on a rate plot requires the collection of two consecutive time samples only. 


Calculation of Pharmacokinetic Parameters by Sigma-Minus method : 


A plot of log (X,* - X,’ versus t gives a straight line with a slope of -K / 2.303. Hence, 
the overall elimination rate constant, K is calculated from the slope. 


Slope = - K / 2.303 
K = Slope x 2.303 
The biological half-life of the drug (t,,.) is estimated using the equation. 
t2 = 0.693 | K 
The intercept obtained by extending the line is equal to log X,*. The value of I.V. 
dose (X0) and X,“ are known. Using equation X,“ = Ke X0/K, the value of Ke is calculated. 


KX,“ 
Ke = — ~> : 
XO 6.37 
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Comparison of Excretion Rate Method and Sigma-Minus Method : 


Excretion Rate Method Sigma-Minus Method 


. dXu / dt is assumed to be equal to . Such assumption is not required 
AXu / At 

2. More number of samples with short 
time intervals 

3. Useful for drugs with long half-lives 

4. Any urine sample losses do not 
affect the method. 

5. This method is used for multiple 
doses also. 

6. This method requires the collection of 

urine samples for 3 or 4 half-lives 

of the drug. 


2. Less number of samples at convenient 
time intervals. 


3. Not suitable for drug with long half-lives. 


4. Sample loss means, the whole 
experiment is a failure 

5. It is not useful for a multiple dose 
study. 

6. This method requires collection of urine 

samples for 7 half-lives of the drug for 

an accurate assessment. 


Renal Excretion as a fraction of Tota! Elimination 


An important pharmacokinetic parameter is the fraction of the amount of the drug entering 
the general circulation that is excreted unchanged, fe. In case of |.V. bolus, fe is a fraction 
of I.V. dose excreted unchanged in urine. It is a quantitative measure of the contribution 
of renal excretion to the overall drug elimination. Knowing ‘fe’ aids in establishing appropriate 
modifications in the usual dosage regimen of a drug for patients with varying degrees of 
renal function. Among drugs the value of ‘fe’ ranges between 0 and 1.0. When an ‘fe’value 
is low, urinary excretion is a minor pathway of drug elimination. Occasionally, renal excretion 
is the only route of elimination, in which case the values of ‘fe’ is 1.0. By definition the 
difference, (1-fe), is the fraction of the amount entering the circulation that is eliminated 
by extra-renal mechanisms, usually metabolism. 


An estimate of ‘fe’ is most readily obtained from the cumulative urinary excretion 

data, following !.V. administration, since by definition. 
Total drug excreted unchanged = X“u 
I.V. Dose X0 


in practice, care should be taken to ensure a complete urinary recovery (i.e., collect 
urine for at least 5 half-lives of the drug). 


fe = 


6.38 


Problems in Obtaining Valid Urinary Excretion Data 


Certain factors can make it difficult to obtain a valid urinary excretion data. Some of these 
factors are as follows: 
1. A significant fraction of the unchanged drug must be excreted in the urine. 
2. Frequent sampling is necessary for obtaining data for a pharmacokinetic analysis. 
3. Collection of urine samples has to be made till almost all the drug is excreted. In 
practice, approximately seven elimination half-lives are needed for 99% of the drug 
to be eliminated. A graph of the cumulative amount of the drug excreted versus 
time will yield a curve that approaches an asymptote at “infinite” time 
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4. Variations in urinary pH and volume may cause a significant variation in urinary 
excretion rates. 

5. The assay technique employed for the estimation of the unchanged drug must be 
highly specific and must not have any interference due to metabolites that have a 
similar chemical structure. 


Renal Clearance 


The kinetics of urinary excretion of a drug may be characterized not only by the excretion 
rate constant, Ke, but also by renal clearance value, CL,. Analogous to total clearance, 
renal clearance is defined as a proportionality term between urinary excretion rate and 
plasma concentration 


dXu 2 Ci. 6.39 
dt 
d d 
ie., Clg = SLS 6.40 


Renal clearance, like total clearance, has units of flow, usually milliliters/minutes or 
liters/hour. In practice, renal clearance is estimated by dividing the average urinary excretion 
rate, AXu/At, by the plasma concentration of the drug, C, at the mid point of urine collection 
period, t'. 


AXu/At 
CL, = Catt 6.41 
But we know that AXu/At = Ke X, hence 
es 6.42 
R` Catt’ ' 
But X/C = Vd 
Therefore, CL, = Ke.Vd 6.43 


Renal clearance is equal to the product of the renal excretion rate constant, Ke, 
and the apparent volume of distribution, Vd. 


AXw/At 
Slope = CL, 


Plasma drug concentration at t’ 


Fig. 6.7 A plot of urinay excretion rate versus the plasma concentration of the drug at the mid 
point of urine collection. 
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According to equation 6.41, a plot of excretion rate (AXu/At) versus plasma 
concentration at the mid point of the urine collection period in linear with a slope equal 
to renal clearance (Fig. 6.7). As mentioned previously, the urinary excretion rates determined 
experimentally (AXu/At) are not instantaneous rates (dXu/dt) but average rates over a period 
of time and therefore the validity of the method depends on the relative magnitudes of 
the urine collection periods and drug half-life. 


A second approach to the calculation of renal clearance involves urine and plasma 
samples being taken simultaneously rather than plasma being taken at the mid point of 
urine collection. According to equation 6.39. 


dXu/dt = CLę. C, butCL, = Ke. Vd 
substituting Ke Vd for CL, 
dXu/dt = Ke Vd. C. 6.44 


If t and t, are the time points at which urine and plasma samples are collected, 
integration of equation 6.44 over the time interval t, to t, yields. 


faxu = Ke yd [Ca 
a tl 


12 
| Xu fy? = Keva Í Cdt 6.45 
tl 


where | Xu |,,"2 is the amount of the unmetabolized drug eliminated in the urine during 
the time interval t, to t, and the area under the plasma concentration-time curve during 
the same interval (Fig. 6.8). 


2 


auc,?= f C dt 
l 


Plasma concentration (ug/ml) 


tl t2 
Time (hours) 


Fig. 6.8 Area under the curve of plasma drug concentration-time curve between t1 and t2. 


Integration of equation 6.44 from time zero to infinity and rearrangement of the integrated 
equation yields an expression for the average renal clearance over the entire time period 
from time zero to infinity. 
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faxu = Ke yd {C.dt 

0 0 

| Xu Į% = Ke Vd fCat 
0 


xt -0 = keva fCat 
0 


X? = Ke vd [C.dt 6.46 
0 
or Ke Vd = CL, = Si = is 6.47 
fea [AUC] 
0 


A relationship analogous to the average renal clearance (Equation 6.47), can be 
developed for the total body clearance, Cl, of a drug from equation 6.47 


X, 6.48 


Oo 
Kef C.dt 
0 


Vd 


But we know that X,~ = Ke XO/K or X,*/Ke = X0 / K substituting X0/K for X,“/Ke, 
we get. 


X0 


Vd = z 6.49 
KfCat 
0 
0 
and Vd K = = 6.50 


f at 
0 


where, the product of Vd and K is the total body clearance Cl, 


Equation 6.49 can be used for the determination of Vd. Equation 6.49 is applicable 
not only to the one compartment model but also to some multiple compartment linear systems. 
This can be used for any route of administration provided that the fraction of the dose 
absorbed is known. 
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L.V. Bolus - Metabolite in Blood/Plasma 


The moment a drug injected into the systemic circulation, it is subjected to elimination by 
all possible pathways of elimination, such as renal excretion, metabolism, biliary secretion, 
etc. However, the fraction of the dose eliminated by all other processes except renal excretion 
and metabolism are, in general, negligible. Hence, the elimination of most drugs from 
the body involves the processes of both metabolism (biotransformation) and excretion of 
unchanged drugs in urine. The overall elimination rate constant, K, is the sum of the 
first order rate constants of metabolism, K, and the first order rate constant of excretion 
(Ke). 


K = Ke + K, 6.51 


Because a drug may be biotransformed into several metabolites (metabolite 1, 
metabolite 2, metabolite 3, etc.), the metabolism rate constant, ki, is the sum of the rate 
constants for the formation of each metabolite. 


K; = Ky, + Ko + Kg + ———— + Kh 6.52 

The relationship in this equation assumes that the process of metabolism is the first 

order and that the substrate (drug) concentration is very low. Drug concentrations at 

therapeutic plasma levels for most drugs are much lower than the Michaelis-Menten constant 

and do not saturate the enzymes involved in metabolism. Hence, drug elimination by 
metabolism may be considered to follow the first order kinetics. 


For example, a drug may be metabolized by two pathways to form two major 
metabolites. Now, the elimination of the drug is represented in Fig. 6.9. The metabolites 
formed may be excreted in urine or may be further metabolized to form other metabolites. 


1 
Km12 M12 
Kf, 
MI 
Kf | 
M2 Km lu Urinary 
Ke x excretion 


Fig. 6.9 Model for a drug that has 2 major metabolites and is also eliminated by renal excretion. 


Scheme 6.1.3 I.V. Bolus - Metabolite in Blood/Plasma 


XO = I.V, dose, 

X = Amount of drug in blood at any time ‘t. 

Ke = Excretion rate constant 

Xu = Cumulative amount of the unchanged drug excreted in urine. 


M is the amount of a metabolite formed in the body, and M, is the total amount of 
the metabolite eliminated by renal, biliary pathway as well as by further metabolism. 
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The rate constants K, and Km are the representative first order rate constants for 
metabolite formation and elimination, respectively. The time course of metabolite levels 
in the body is a function of the rates of formation and elimination of the drug. i.e. the 
difference between the rate of formation of the metabolite in the body and its rate of 
elimination. A differential equation may be written for the rate of change of metabolite, 


dm 

a K, X -KmM 6.53 
But we know that X = X0. et. Substituting X value in equation 6.53, 

dm 

Doo -Kt 

a K; XO et Km M 6.54 


Rearranging equation 6.54 and multiplying it with eX™, 


= emt + Km M. ekmt = K, XO. eK-Kmt 6.55 


Integrating equation 6.55 between time zero and infinity and simplifying the resultant 
equation, 


e (K-Km)t e? 
Mats K x0 (=) 
-(K-Km) (K-Km) 
K; X0 
Kmt = ——f£** f4_e-(K-Km)t 
ee ele 6.56 
Dividing the above equation throughout by eK™t, we get 
= KX0 -Kmt_ a-Kt 
M = (K -Km) fenm e] 6.57 


Equation 6.57 permits calculation of the amount of a metabolite in the body at any 
time after 1.V. injection of a dose of a drug. Dividing both the sides of the equation 6.57 
by the apparent volume of distribution of the metabolite, Vm, yields 

M = _KX0 [e-Kmt = e*t] 
Vm  Vm(K-Km) 

The term M/Vm is equal to the concentration of the metabolite in plasma (Cm). It 
should be remembered that Vm is different from the apparent volume of distribution of 
the drug, Vd. The equation that describes metabolite plasma drug concentration-time profile 
is: i 

eS ee ee 
Cm = Vm (K-Km) [enmt - ext] 6.58 

In order to use the equation 6.58 for calculation of various pharmacokinetic parameters 
of the drug, the relative values of the over all elimination rate constant, K and elimination 
rate constant of metabolite, Km, are to be considered. Remember that Km is concerned 
with a metabolite and K is concerned with the parent drug. Three possible situations may 
arise, which have to be dealt separately. 
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Case 1. Km is greater than K 
Case 2. K is greater than Km 
Case 3. K =Km 


Case 1: Km is greater than K: For most of the drugs the value of Km is greater than 
K. At one time the general assumption was that Km is always greater than K, since metabolites 
were considered to be more polar and more readily eliminated from the body than the 
parent drug. This assumption may be true when polar conjugates such as glucouronides, 
sulfates, glycine conjugates are the major metabolites formed. However, metabolites formed 
from acetylation and/or oxidation of the drug may actually be more lipophilic than the parent 
drug. 


When Km is several times greater than K, the term e*™ will approach to zero, while 
e*t still have a finite value after some time. Neglecting the term e*™ in equation 6.58, 
the equation may be written as, 


K; X0 


z — okt 
Cm Vm(K-Km) e 6.59 
which when written in logarithmic form becomes, 
log Cm = log [—Ś X? ] - Kt2.303 6.60 
Vm (K - Km) 


Equation 6.58 is a biexponential equation which is the net result of metabolite formation 
and elimination. As the time increases after I.V. injection, the drug concentration in blood 
becomes negligible and hence, metabolite formation is ceased. Only the elimination of 
the metabolite takes place from that time point, and hence equation 6.58 is reduced to 
a mono exponential equation 6.59. 


The metabolite concentration in the blood increases as the time increases to certain 
value and then falis. A plot of the log plasma concentration of metabolite versus 
time will eventually become linear and parallel to the line of the plasma concentration 
of drug versus time i.e., the slope of tne both lines is equal to -K/2.303, as shown 
in Fig. 6.10. 


Unchanged drug 


Metabolite 
Log plasma 


conc. 


Time (hours) 


Fig. 6.10 The curves obtained by plotting log drug concentration vs time and log metabolite 
concentration versus time. 
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Case 2. K is Greater than Km: If K is several times larger than Km, metabolite levels 
in plasma will decline more slowly than the levels of the unchanged drug. In this instance, 
e*t term becomes negligible but e™ still will have a finite value and the equation 6.58 
may be written as, 


| K; X0 
9 VmK-Km) ` 


The slope of the terminal linear portion of the plot log Cm versus time is equal to 
-Km/2.303. 


Case 3. Km is Equal to K: In either instance (i.e., when Km > K or when K > Km) the 
closer the K and Km values, the more is the difficult to delinear the linear segment of 
the curve. It means, that by simply following the metabolite levels in the plasma as a function 
of time and obtaining the linear portion of the curve we do not know whether the slope 
yields Km or K. 


To resolve the dilemma, either the apparent first order elimination rate constant of 
the drug, K, must be known, or in some limited circumstances the metabolite can be 
administered as such and its elimination rate constant, Km, determined. Regardless which 
rate constant (K or Km) is determined from the terminal linear segment of the curve, the 
other rate constant can be estimated by the method of residuals or peeling of technique 
(for details see Appendix - Ill). 


Scheme 6.1.4 I.V. Bolus - Metabolite in Urine 


Urinary excretion data for a metabolite may be explored to determine the elimination kinetics 
of the parent drug. Important points to be considered in pharmacokinetic analysis of urine 
data are discussed in scheme 6.1.4. 


log Cm = eKmt 6.61 


Scheme 6.1.4 
Ke 
Xu 
XO X 
ae ~] Kf P Kmu Mu 
My 
X0 = I.V. dose 
X = Among of drug present in the body at any time t 
Xu = Cumulative amount of drug excreted into urine to time t 
M = Amount of metabolite in the body at any time t. 
Mu = Cumulative amount of metabolite eliminated by renal excretion 
My = Cumulative amount of metabolite eliminated by all other processes (i.e., biliary 
further metabolism etc.,) 
Ke = Urinary excretion rate constant 
K, = Rate constant involved in the formation of the metabolite from the drug. 
Kmu = Urinary excretion rate constant of metabolite 
Kmy = Sum of the rate constants of the processes involved in metabolite elimination 
other than renal excretion. 
Km = Overall elimination rate constant of the metabolite. 
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Urinary excretion and metabolism eliminate the drug. Both urinary excretion 
and other routes of elimination eliminate the metabolite formed. The elimination rate 
constant, Km, is the sum of urinary excretion rate constant, Kmu and sum of all other rate 
constants, Kmy. 

Km = Kmu + Kmy 6.62 


Excretion Rate Method 
The differential equation describing the appearance of the metabolite in urine is given by 


— = Kmu.M 6.63 
where, dmu/dt is the rate of urinary excretion of the metabolite. In practice, average 
excretion rate, Amu/At, is used. 
Amu 


At 


But the amount of the metabolite in the body, M, at any time t is given by the 
equation 6.57. 


= Kmu.M 6.64 


M = (eKmt = eKt) 


(K -Km) 
Substituting M values in equation 6.64, 

AMu _ KmuKe X0 | mp Kt’ 

Pa “K- Km) (e ef) 6.65 
t' = mid-point of the urine collection period. 
In general Km is assumed to be several times greater than K and hence after some 


time t, the value of eX becomes negligible, but et will have a finite value. So equation 
6.65 reduces to: 


AMu _ KmuK, X0 


= -Kt ` 
a a 6.66 
AMu KmuKfXO, K 
l Isia = jen 
09 a = 09 l KKM) > 2303 one 


=> Intercept = log (Kmu KfX,)/(K-Km) 


Slope = -K/2.303 


Log (Amu/At) 


Slope = -Km/2.303 


Mid point of urine collection (t°) 


Fig. 6.11 Logarithm of urinary excretion rate of metabolite versus t’ (mid point of urine collection 
: period). Application of method of residuals. 
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A plot of the log urinary excretion rate of the metabolite versus mid point of urine 
collection ť gives a curve initially and it eventually becomes linear (Fig. 6.11). The terminal 
linear portion of the plot gives a slope equal to -K/2.303 from which elimination rate constant 
of the drug and its biological half-life can be estimated. The elimination rate constant 
of the metabolite and its biological half-life are estimated from the residual line obtained 
by the method of residuals (for details see Appendix-Ill). The above method is called Excretion 
Rate Method. 

Sigma-Minus method 
The urinary data obtained for the metabolite can be analyzed by another method called 
Sigma-Minus Method. According to Equation 6.63 
dmu 
dt 
where dmu/dt = instantaneous rate of excretion (excretion rate over a small period 
of time). According to Equation 6.57, M is equals to: 
_ Ky X0 
~ (K-Km) 
Substituting M value in equation 6.63, we get 
dMu _ Kmu K; X0 
dt (K-Km) 
Integration of equation 6.68 between the limits of t = 0 to t = t yields. 


= Kmu M 


M (eKmt ʻ ekt) 


(eKmt ~ e-Kt) 6.68 


t t 
famu = [Kmu. K; XO(K-Km)] J (eKmt _ ety dt 6.69 
f Kmu Kf Xo 
t = zZ —— 
Met 20S E 6.70 


On further simplification, 
-kmt ~kt 
Tee oe Co ee E 
Kkm . Km(Km-K) K(Km-K) 
Rearranging the above equation 6.71. 
Kmu Kf XO 1 
Mut = ——_——- [1 + ———- 
KKm (Km - K) 
At time = œ, M,' becomes M,,*, the total amount of the metabolite excreted into urine 
in infinite time. Setting the time limit to œ, equation 6.72, can be written as: 


] 6.71 


(K. ekmt - Km. e*t)] 6.72 


« — KmuK; X0 
Mu* = iim 6.73 
Substituting M,° in Equation 6.72. 
l 
t=mMe« ee -Kmt _ -Kt 
M,' = M,* [1 + (Km-K) (K. e Km. e™')] 6.74 
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Subtracting both the sides of Equation 6.74 from M,* and simplifying the resultant 
equation, 
Mu” 
£a tS -Kmt _ -Kt 
Mu* - Mu (Km-K) (Km e Ke™) 6.75 
The term (M,° - M5 represents the amount of the metabolite to be excreted from 
that time point. If Km is several times greater than K, then, after some time equation 6.75 
reduces to: 


Mu” 
oc. t= —— = g -Kt 6.7 
Mu“ - Mu (Km-K) (Km. e™) 6 
Applying logarithms, 
Km Mu® 
© a ty = —— ] - 
log (Mu* - Mu’) = log lam-K ! Kt / 2.303 6.77 


A plot of log (Mu - Mu) versus time gives a curve, the slope of the terminal linear 
portion of which is equal to - K/2.303 (Fig. 6.12). By applying the method of residuals 
Km is estimated (for details see Appendix - III). 


Slope = -K/2.303 


Slope = -Km/2.303 


log [M" -M 


Time 
Fig. 6.12 A plot of log (Mu* — M ') versus time curve following I.V. Bolus administration. 


Application of the method of residual in both instances will enable the estimation 
of Km, the apparent first order elimination rate constant of the metabolite. If, however, 
K is greater than Km, the value of Km can be determined from the slope of the terminal 
linear phases of the plots and K, can be determined from the slopes of the residual lines. 
Without prior knowledge of the relative values of K and Km, it is not possible to solve 
the equation. In general it is assumed that Km>>K, because metabolites are more polar 
than their parent drug. 


PRACTICE PROBLEMS 


1. A single dose of a drug was given to a 50 kg person at a dose level of 10 mg/kg. Blood 
and urine samples were collected periodically and the unchanged drug (parent drug) 
content in the samples was estimated. Calculate all possible pharmacokinetic parameters 
using the data given below. 
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(i) Blood Data 


Time (hrs) | Drug level in Blood (C) (ug/ml) 


(ii) Urine Data 


Solution : 
1. Blood Data: The equation that describes the blood concentration time data is 
Kt 
log C = Log CO - 3303 


Step 1 : Plot the blood levels of the drug versus time data on a semi-logarithmic graph 
paper taking time on X-axis and concentration of drug in blood on fogarithmic axis. An 
alternative method is to convert blood concentration of the drug into a log concentration 
and then a plot of log C versus time can be made on ordinary graph paper. 


Step 2 : Make the best fit of points to give a straight line. Extend the straight line to 
cut the Y-axis, to give the initial concentration of the drug, CO (i.e. zero time concentration 
of drug in blood). 

Note: When log C vs time plot is made, the intercept is equal to log CO. Therefore, CO 
will be the anti-log of the intercept. 


——> intercept = C0 = 25.5 pg/ml 


Babel as byes ghd ‘. LN slope = dy/dx = 0.1086 


nc. 


Plasma Co 


Time (hrs) 
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Step 3 : Find out the slope of the line as shown in the figure. The slope is equal to K/ 
2.303. Therefore the elimination rate constant, 


K = slope x 2.303 = 0.1086 x 2.303 = 0.25 hr’. 
Elimination rate constant (K) = 0.25 hri. 
Step 4 : Biological half-life (t,,) 
Biological half-life (t 42) = 0.693/K = 0.693/0.25 = 2.772 hrs 
Step 5 : Volume of distribution (Vd) 
The volume of distribution of the drug, 
1.V. dose 
Co 
_ 5,00,000 


Vd = 


= 19607.8 mi = 19.6798 L 


Step 6 : Area under the curve (AUC) : Area under the blood concentration-time curve 
is calculated by the trapezoidal rule. 


l 1 
AUC, = 5 (Cy + Cy) (ty = ty) + 5 (Cy + Cy) (ty = ty) + ne + 
1 
2 (C,., + Ch) (ty > tha) 
l l 1 
Therefore, AUC,! = (25.5 + 20.0) (1 - 0) + = (20 + 11.3) (3-1) + F 


(11.3 + 7.0) (5 - 3) ws (7.0 + 4.3) (7 - 5) + 5 
(4.3 + 2.0) (10 - 7) 
= 22.75 + 31.3 + 18.3 + 11.3 + 9.45 = 93.1 mg-hr/ml 
AUC, = C*/K = 2.0 / 0.25 = 8 pg-hr/ml 
where C* is the drug concentration in blood at the last time point, t* 
Total AUC = AUC," =" AUC,! + AUC,.* = 93.1 + 8.0 = 101.1 ug-hr/mi 
AUC,* based on integration method 


25.5 
= CO/K = ~~~ = 102 pg-hr/mi 


Step 7: Total body clearance, Cl, 
Total Body clearance, Cl = Vd. K 
= 19.6078 x 0.25 = 4.9 Liters / hr 
Step 8: Volume of distribution based on clearance 


Vd = — = — = 19.6 liters. 


19.6 
Vd per kg = —— = 0.392 liters/kg. 
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(ii) Urine Data : The urine data obtained can be analysed by two methods namely 
excretion rate method and sigma-minus method. 


Excretion Rate Method : The equation that describes the excretion rate versus time 
data is 


AX 
log =~ = log Ke XO - Kt/2.303 


Step 1: Set up the following table. 


Amount of drug excreted Urine collection | Excretion rate Mid point 
in the time interval AXu, (mg)| period At (hrs) AXulAt (mg/hrs) | urine collection 
(Volume of urine x conc of (ta - tha) period t’ (hrs) 
drug in urine) (ta +-t,.,)/2 


Step 2 : Plot the excretion rate versus t’ (mid point of urine collection) on a semilogarithmic 
graph paper or fog (AXu/At) versus t’ on an ordinary Cartensian graph paper. Make the 
best fit of the points to give a straight line. 


—-—> LogKe Xo=1.99 


Slope = -K/2.030 = 0.1086 


Log (Xu/At) 


t 
Step 3 : Extend the straight line to obtain the intercept on Y-axis. Intercept = log KeX0 = 1.99 
Therefore, Ke X0 = anti-log 1.99 = 97.6675. 
_ 99,6675 


Ke = = 0.195 hr’ 


500 . 
Step 4 : Overall elimination rate constant, K. 


Calculate the slope. 
Slope = -K/2.303 = 1.086 
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Therefore, K = 1.086 x 2.303 = 0.25 hri 
Step 5 : Biological half life (t,/.) 
tin = 0.693/K = 0.693/0.25 = 2.772 hrs. 
Step 6 : Fraction of dose excreted unchanged, fe. 
Ke 0.195 
K 025 


Using the plasma and urine data obtained from a single study, the renal clearance 
can be calculated 


fe = = 0.78 


time (mg) 


Amount excreted within sampling 


AUC within a sampling interval (mg-hr/L) 
|. A plot of the amount excreted versus the area under the curve of the blood data gives 
a straight line with a slope equal to the renal clearance. 
l. Renal clearance CL, = Ke. Vd 
= 0.195 x 19.6 = 3.83 L/hr 
Sigma - Minus Method: 


The equation that describes the amount of the unchaged drug to be excreted versus time 
data is 


log (X= - x, = Log X,* - Kt / 2.303 
Step 1 : Set up the table as shown below 
Processing of urine data for sigma minus method 


Time (hrs) Amount excreted (mg) Cumulative amount X, - Xy 
excreted (X,') 


159.60 
90.00 
56.07 


34.00 
32.04 
19.00 

X,* = 390.71 
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Step 2 : Plot log(X,° - X,’ versus time data on a graph paper. Make the best fit of the 
points to give a straight line. ‘ 


—— intercept = log X“ 


a.y: 


u 


Slope = -K/2.303 = 0.108 


Log [X 


Time (hrs) 


Step 3 : Elimination rate constant : The slope of the line is equal to -K/2.303 
rate constant is obtained from the slope. 


K = 2.303 x 0.108 = 0.25 hr? 
Step 4 : Excretion rate constant, Ke can obtained from X,“ value. 


. Elimination 


_ Kex0 
u` KO 
KX? 0.25 390.71 
os! a a), 1 
Ke Xo 5 0.195 hr 


Using the plasma and urine data obtained from a single study, renal clearance can 
be calculated. 


X= = Clg Jo. dt = Clg [AUC], 


x," 390.71 


[AUC],~ 93.9 

2. A new drug was given in a single intravenous dose of 200 mg to an 80 - kg male. After 
6 hrs, the blood concentration of the drug was found to be 1.5 mg/100 mi of the blood. 
Assuming that the apparent volume of distribution, Vd is 10% body weight, compute 


the total amount of the drug in the body fluids after 6 hrs. What is the half-life of this . 
drug ? 


= 4.16 liters / hr. 


I.V. dose = X0 = 200 mg 

Vd = 10% of body weight = 0.1 (80 kg) = 8000 ml 
At 6 hrs, `C = 1.5 mg/100 ml 
Drug in body at any time t, X =Vd.C 


1.5 
= 80000 x Too 7 120 mg 


2h www.webofpharma.com 


One Compartment Open Model 197 
log X = log X0 - Kt / 2.303 


6 
log 120 = log 200 -K. 2.303 
2.303 

K = (log 200 - log 120) x 6 


(2.3010 - 2.07918) x 0.3838 
K = 0.2218 x 0.3838 = 0.08513 hr’ 
typ = 0.693 /K = 0.693 / 0.08513 = 8.14 hours 


3. A long acting penicillin has a half-life of 21 days. How long will it take for the drug 
concentration in the blood to drop to 90% of its initial value ? 


0.693 
K = 0.693 / t2 = a 


Initial concentration, CO = 100% and the final concentration, C = 90 % 
Log (CO/C) = Kt / 2.303 
2.303 CO 2.303 100 


t = -g 09 © = gog *'09 99 = 3-19 days. 


= 0.033 day 


6.2 I.V. Infusion - Unchanged drug in Blood/Plasma 


I.V. drug solutions may be given either as a bolus dose or infused slowly at a constant 
rate (zero-order rate). Drugs are given by I.V. infusion for the precise contro! of the plasma 
drug levels, as per the needs of the patient. For drugs with a narrow therapeutic window, 
` plasma drug levels can be maintained without many fluctuations by I.V. infusion. Many 
drugs can be administered with |.V. fluids, including electrolytes and nutrients. Another 
important advantage with |.V. infusion is that the duration of drug therapy may be maintained 
for a longer time and may be terminated when desired. 


Plasma drug level 


Time (hours) 
Fig. 6.13 Plasma drug level-time curve for constant intravenous infusion. 


During I.V. infusion, the drug concentration slowly increases as the time proceeds 
and reaches a steady state concentration or plateau level (Fig. 6.13). The rate of drug 
infusion into the body is a zero order process i.e., drug reaches blood at a constant rate, 
KO. At the steady state, the rate of the drug leaving the body is equal to the rate of the 
drug (infusion rate) entering the body. This drug level is maintained as along as the infusion 
is continued. i 
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Scheme 6.2.1 


Where, KO = infusion rate (zero order) mg/hr. All other symbols are as defined 
previously. In this scheme the drug enters the body by the zero order process and leaves 
the body by the first order process. The change in the amount of the drug in the body 
at any time (dX/dt) during the infusion is the rate of input minus the rate of output. 

x KO - KX 6.78 
dt 


Dividing the entire equation by the volume of distribution of the drug, Vd, we get 
the following equation. 


dx/Vd _ K0 KX 


dt Vd Vd ia 

But. XNd = C. 

dC KO 
Therefore, ao (Va KC 6.80 
Rearranging equation 6.80 and multiplying it with eft, we get 

dc KO 

T> Kt K= ~ okt 

dt e“ + KCe va © 6.81 


Integrating equation 6.81 between the limits of t = zero to t = t, and on simplification 
of the resultant equation, we get the following equation, 


Ko et 1 
Kt = —_— Å- ee 
Ce Vd ( K A 6.82 
Dividing equation 6.82 by et and simplifying the resultant equation is 6.83, 
KO 
C = —— (1- eX? 6.83 
VdK ( ) 


Equation 6.83 describes the plasma concentration of drug-time profile during 1.V. 
infusion. Since the product of Vd and C is equal to the amount of the drug in the body 
at any time, we can write it as follows, 


KO 
= = - et 
X K (1 - e") 6.84 


Theoretically, a steady state level is reached after an infinitely long infusion time. 
In clinical practice, the plasma drug level within the 95% to 99% of plateau level is considered 
to be steady state level. Mathematically it can be shown that after |.V. infusion of the 
drug for 5 half-lives the plasma drug concentration is between 95% and 99% of steady- 
state drug level. 
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The steady state drug concentration in plasma can be determined from 
equation 6.83 by setting the time equal to infinity (i. e. by recognizing that the term e*t 
approaches zero). 

Css = KO / Vd.K 6.85 

Where, Css = steady state drug concentration in plasma since Vd and K are 
considered to be constant for a drug, the Css is directly proportional to the infusion rate 
of the drug, KO. 

An increase in the rate of infusion will not shorten the time to reach the steady state 
drug concentration. If the drug is given at a higher rate, a higher steady state drug level 
will be obtained, but the time to reach steady state is the same. Therefore the infusion 
rate decides the steady-state drug concentration, and biological half-life of the drug 
determines the time to reach that level. 


Another method of developing the equation for the steady state level of the drug 
is based on the fact that at the steady state, the rate of input is equal to rate of output 
(i.e. the rate of change of drug concentration (dC/dt) at the steady state level is zero). 


According to equation 6.80 


dC KO 

‘dt Vd“ 
at steady state dC/dt = 0. 

KO/Vd - K Css = 0 

KO/Vd = K Css 

Css = KO/Vd.K 6.86 
This equation shows that the steady state concentration (Css) is dependent on the 


volume of distribution, the elimination rate constant, and the infusion rate. Altering any 
one of these factors can affect the steady state concentration. 


Equation that describes the plasma drug concentration at any time during I.V. infusion 
can be obtained in terms of Css, by substituting Css for KO/Vd K in Equation 6.83. 
C = Css (1-e*t) 6.87 
Calculation of Elimination Half-life of a Drug in Patient by 1.V. Infusion Method 
In practice, before starting an I.V. infusion, an appropriate infusion rate (KO) is generally 
` calculated from Equation 6.85 using literature values for Css, K Vd and Cl, (total body 
clearance). Two plasma samples are taken, one before reaching the steady state to get 
C and the second near the theoretical time for the steady state to get Css. The equation 
used to calculate the half-life of a drug can be derived as shown under; 
C = Css (1 - eX) 
C = Css - Css. ert 
Css eXt = Css-C 
Css-C 


-Kt — 
e 
Css 
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Rearranging and taking the logarithms on both sides, 


Log [ESE] = - Kt/2.303 
Css 
2.303 Css-C 
= l 6.88 
t gI C: ] 


The elimination half-life (t,,.) of the drug = 0.693/K. The elimination half-life calculated 
confirms that whether the second sample was taken at a steady state or not. Even though 
the estimated half-life is not an accurate value, it helps in deciding the new rate of infusion. 


A plot of the plasma concentration versus (1-e*') will yield a straight line with a slope 
of (KO/Vd K) or (Css), from which Vd can be calculated if the elimination rate constant 
K, is known (Fig. 6.14) 


Slope = C, = KO/Vd K 


Plasma drug Concentration 


(1 -e*) 


Fig. 6.14 Plasma concentration versus (1-e* curve for constant intravenous infusion. 


Post infusion - Plasma concentration of Drug 


The rate of change in plasma concentration after stopping the infusion can be expressed 
by the following differential equation, 
dc l 


w 7T KC 6.89 


Where, C = the plasma concentration of the drug when |.V. infusion is stopped. If 
the infusion is stopped after reaching plateau level, then C is nothing but Css. Whether 
the infusion is stopped before the’steady state or after the steady-state is reached, plasma 
drug concentrations decline exponentially with the slope equal to -K/2.303. Therefore, 
for a case where infusion stopped after reaching steady — state the equation is the following, 


dc 


a KCss 6.90 
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Integrating the equation and rearranging the resulting equation gives, 
C ='Css, ett 6.91 
t* = post infusion time 


> Logc,, 


Slope = -K/2.303 


Log Plasma drug concentration 
(ug/ml) 


Post infusion time (t*) 
Fig. 6.15 Plasma concentration versus post infusion time (t*). 


Taking logarithms of both the sides, l 
dog C = log Css - Kt* / 2.303 6.92 
A plot of the logarithm of the post infusion plasma concentrations of a drug versus 
time will yield a straight line with the slope of -K/2.303 from which the apparent elimination 
rate constant can be calculated (Fig. 6.15). The intercept obtained by extending the line 
is equal to log Css. 
If the infusion is stopped before reaching steady-state level, the post infusion 


concentration of the drug in plasma is calculated using the following equation. 
KO 
= [—~ (4 -ekt -Kt 
Cc f IK (1 - e] (ey 6.93 


t = length of time of infusion period and t* = length of time after infusion is stopped. 
6.2.2 1.V. infusion - unchanged drug in urine 


Drug elimination kinetics can also be determined from the urinary excretion data of the 
unchanged drug following intravenous infusion. The rate of appearance of the unchanged 
drug in urine is proportional to the amount of the unchanged drug in the body. Hence, 
a differential equation for the rate of appearance of the unchanged drug in urine can be 
written as, 


ae eS 6.94 


Where dXu/dt is the instantaneous rate of excretion of the drug, Ke is the excretion 
rate constant and X is the amount of the drug in the body at any time. But according 
to equation 6.84, 


KO 
peepee - akt 
X K (1 -e™) 
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Substituting X values in Equation 6.94, 
dXu _ KeKO 


A ae (1 - eK 6.95 


Integrating Equation 6.95 between the limits of t = 0 to t = t results in an equation ~ 
that describes cumulative excretion of unchanged drug versus time data, 


t t 


- f axu = (Ke KOK f (dt - et dt) 
0 0 


Ke KO et | 
t.0= TE N ae 
0S ei r) 
_ Ke KO KeKO Ke KO- a 
X,' ~ K t- K? +2 K2? i 
Ke K0 Ke KO: 
X,t = K t- x (1 - eKt) 6.96 


The steady-state level is reached after 5 half-lives of the drug, the term e*t approaches 
zero and equation 6.96 reduces to, 


KeKO . KeKO 
xe SE 6.97 

K 
or x,t = eK (t - =) 6.98 


According to Equation 6.98, a plot of the cumulative amount of the drug excreted 
versus time should be curve until the steady-state is reached and becomes linear after 
steady-state level (Fig. 6.16). It should be remembered that at the steady-state the amount 


——» Slope= Ke K0/K 


Cumulative amount of unchanged drug 
excretion in urine (X ') 


` Time (hours) 


Fig. 6.16 Cumulative amount of unchanged drug excreted in urine versus time curve for constant 
intravenous infusion. 
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of the drug in the body remains constant so that the rate of excretion of drug is also constant. 
From the Fig. 6.16 it can be observed that extrapolation of the linear segment of the curve 
to X, = 0 yields an intercept of 1/K. The slope of this line is KeKO/K. Therefore, the 
apparent elimination rate constant of the drug, can be estimated from intercept and the 
excretion rate constant, Ke from the slope since KO is known. 

From equation 6.96, we can write `` 


Ke KO 1 
t= — a a = -Kt 
Xu K [t z (1 -ey 6.99 
If the overall elimination rate constant, K of a drug is known, a plot of X,' versus 
[t - 1/K(1-e"**)] will give a straight line, the slope of which is KeKO/K. Therefore, a knowledge 
of the infusion rate constant, KO and K will enable the estimation of Ke from this plot. This 


type of plot does not réquire infusion to the steady-state. 


6.3 Simultaneous Intravenous Injection and Infusion - Unchanged Drug 
in Blood/Plasma 


Since the time required to attain Css will be quite long for a drug with a long half-life, 
it is often convenient in such cases to administer an intravenous loading dose to attain 
immediately the desired drug concentration. This drug concentration can be maintained 
by infusion. 


I.V. Loading Dose: A simple method of calculating the loading dose is to use the values 
of the steady-state drug concentration, Css and the volume of distribution of the drug 
Vd, from literature. The dose of the drug required to attain Css is equal to the product 
of Css and Vd. 


I.V. loading dose (X0) = Css. Vd 6.100 
According to Equation 6.85 Css.Vd = KO/K. Therefore, 
X0 = Css.Vd = KO/K 6.101 


The loading dose can also be calculated from the values of the infusion rate, KO 
and the over all elimination rate constant, K. 


Infusion Rate 


The infusion rate of a drug, KO required to maintain the steady-state level is given by 
KO = Css.Vd.K = X0 . K 6.102 


LV. loading dose XO K 
The equation describing the time course of the amount of the drug in the body following 


a simultaneous injection of an intravenous loading dose and initiation of infusion is the 
sum of the two equations describing these two processes individually. 


Scheme 6.3 
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We know that the amount of the drug in the body for a one compartment model 
after an I.V. bolus dose is described by, 


X; = X0 ett 6.103 
And the amount of the drug by infusion at the rate of KO is: 
KO . 
= — (1- ext .104 
X3 K (1 -e™) 6 


Now, the sum of equations 6.103 and 6.104 will give an equation that describes the 
time course of the amount of the drug in the body following a simultaneous I.V. injection 
and infusion. 


X =X, +X, 
KO 
X = X0 ekt + xK (1 - ekty 6.105 
But XO = KO/K (according to Equation 6.101). Substituting, KO/K for XO, 
KO KO 
= — ekt + — 4. ott 
X Ke tk (1 - e") 6.106 
KO KO KO 
: = = — akt — . — okt 
or X K ê + K g & 
KO 
X = ra 6.107 


. KO/K is equal to the amount of the drug in the body at any time following a simultaneous 

administration of I.V. bolus and infusion, which is nothing but an I.V. loading dose, X0. 
It means |.V. loading dose brings the plasma drug concentration to a steady-state level 
(Css) and the infusion maintains this concentration. 


According to Equation 6.101, 
KO 
X0 = Css. Vd = K 
Therefore, Css = KONd K . 6.108 


Loading dose larger than required dose 


t 


Without loading dose 


Plasma drug level 


Loading dose lower than required dose 


Time (hours) 
Fig. 6.17 Intravenous infusion with different loading doses. 
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Following an intravenous loading dose and simultaneous infusion the plasma drug 
concentration remains constant from time zero until the infusion is stopped. 

Fig. 6.17 shows the pattern of graph that will be obtained with different loading doses 
with a constant infusion rate. An ideal situation is observed when an accurate loading 
dose is administered. When loading dose is large, the plasma concentration of the drug 
will be greater than Css initially, and decline slowly to steady-state levels. If the loading 
dose is low, the plasma concentrations will increase slowly to the steady-state levels. 


6.4 Simultaneous I.V.injection and I.V. infusion - unchanged drug in urine 
Scheme 6.4 


K 
XO 
I.V bolus xy 


KO 
LV. infusion 


Ke X, 


K = Ke + Ky, where K = overall eliminaiton rate constant, Ke = first order urinary 
excretion rate constant and Ky = sum of all the rate constants involved in drug eliminaiton 
other than renal excretion. 


The rate of appearance of the unchanged drug in urine is proportional to the amount 
of the drug present in the body at any time. 


dX, 
dt 
Where, X is the amount of the drug present in the body at any time following a 
simultaneous administration of an l.V. loading dose and infusion, which is equal to 
KO/K (Equation 6.108). 
dX, _ KeKO 


Therefore, Fa = K 6.110 


An equation that describes the cumulative amount of the unchanged drug excreted 
in urine, X,° versus time can be developed by integrating the Equation 6.110 between 
the limits of t = 0 and t= t. 


= Ke X 6.109 


t t 
Í dX, = (Ke KO)/K f dt 
0 0 


; Ke KO 
X; -0= K it - Ol 
Ke KO 
Xut = K t 6.111 
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Equation 6.111 is a straight line equation in the form of y = bx, where b is the slope 
of the line. 


A plot of the cumulative amount of the drug excreted versus time (Fig. 6.18) will yield 
a straight line passing through the origin with a slope of KeKO/K. Knowledge of the values 
of KO and K enables us to calculate the excretion rate constant, Ke, from the slope. 


—> Slope = Ke K0/K 


Cumulative amount of unchanged 
drug Excretion in urine (X' ) 


Time (hours) 


Fig. 6.18 Cumulative amount of unchanged drug in urine (X,') versus tim curve for simultaenous 
i I.V. bolus and I.V. infusion. 


According to Equation 6.110, 


KeKO KO 
dX,/dt = x but =~ = Css. Vd (from Equation 6.101) 

dX, 

at = Ke Vd. Css 6.112 


Integrating of equation 6.112 between the limits of t = 0 and t = t results. 


t t 


f Xu = Ke Vd f Css. dt 


0 0 


xt 


u 


š t 
Ke vd Í Css. dt 6.113 
0 


X = Ke Vd [AUC},t 6.114 


Where Ke.Vd is equal to renal clearance, CL, and [AUC],' is the area under the 
plasma concentration-time curve from time zero to t. A plot of X,t versus AUC yields a 
Straight line with a slope equal to Ke.Vd, the renal clearance. Simultaneous sampling of 
plasma and urine samples enables us to estimate the renal clearance of the drug and 
to assess the renal function of the patient based on the literature values. 
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Practice problems : 


1. A drug has a volume of distribution of 12 L and a K of 0.18 hr’. A steady state 
concentration (Css) of 12 mg/ml is desired. 


(a) Whate is the infusion rate needed to maintain this concentration ? 

(b) How long it takes to achieve 90% and 99% of the Css ? 

(c) If the elimination rate constant, K, in a patient with a renal impairment is 
0.1 hr’, what is the infusion rate required to maintain the same Css in this patient? 


Solution : 
(a) Equation 6.85 can be rewritten as 


KO = Css. Vd. K 
Therefore: 


infusion rate KO 


12 x 12000 x 0.18 
25920 mg/hr 
= 25.29 mg/hr 
(b) According to equation 6.87 
C = Css (1- ekt) 
Now, C = 90% of Css, therefore, we can write, 
90% of Css = Css (1-e*t) 
0.9.Css = Css (1-e*t) 
0.9 = 1-e*t 
or eK = 1-09 = 0.1 
Taking the natural logarithm of both sides - Kt = In 0.1 
In 0.1 —2.302 2.302 


tgo% = TK = Zk. = 0.18 = 12.788 hrs 
In terms of t, (0.693 /K = 3.85 hrs), 
_ 12.788 _ 
too% z 3.85 j 3.32 tayo 
ad In0.01 _ In0.01 
Similarly, t = “k = pjg 7 25-58 NS = 6.645 typ 


(c) The elimination rate constant of the patient is 0.1 hr‘ 


The infusion rate for this patient to maintain the steady - state concentration of 
12 mg/mi is 

KO = Css.Vd.K = 12 x 1200 x 0.1 = 14400 = 14.4 mg/hr 
When the elimination rate constant decreases, then the infusion rate must decrease 
proportionately to maintain the same Css. However, because the elimination rate 
constant is smaller (i.e., the elimination half-life is longer), the time to reach Css 
will be longer. ` 


The tgo% for this patient is 23.02 hrs, and tyg% = is 46.05 hrs. 
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2. A patient is given an antibiotic having t,,. of 4 hrs by constant 1.V. infusion at a rate 
of 3 mg/hr. At the end of 36 hours, the plasma drug concentration is 2.2 mg/L. Calculate 
the total body clearance, CL, for this antibiotic. What is the volume of distribution, Vd, 
of the drug ? 


Solution : Equation 6.85 can be rewritten as 


Vd.K = Lae CL 
"Css — t 
The plasma sample is taken after 36 hrs of infusion, which time represents 9 times 
t2- Therefore, the plasma drug concentration approximates the Css. 


KO _ 3mg/hr 


he Css engl 


1.363 L/ hr = 1363 ml/hr 


‘Volume of distribution, 


CL, 01363 
Vd = "= peg 7 7870.9 mi 


= 7.871 Liters 


3. A pateint is given an I.V. infusion of an antibiotic at an infusion rate of 26 mg/hr. Blood 
samples are taken at 10 and 28 hours and plasma drug concentrations are 10 and 
11.9 mg/ml, respectively. The antibiotic has an elimination half-life of 3 to 5 hrs in the 
general population. Estimate the elimination half-life of the drug in this patient. 


Solution : 


The second plasma sample is taken at 28 hours, i.e., 28/5 = 5.6 half-lives after 
infusion. The plasma drug concentration in the second sample is more than 95% 
of the true plasma steady-state drug concentration assuming the highest half-life 
observed in the general population. 


Equation 6.88 can be used to estimate the elimination rate constant and the biological 
half-life of the drug in the patient. 


2.303 Css -C 


K= = log Css 6.88 
_ 2303 11.9-10 
= -To 9 iig 
K = 0.1835 hr 
roe -._ 0.693 0.693 _ 
Biological half-life= K 018 ` 3.776 hrs 
Sin Css = ee Vd b Iculated 
ince 88 = aK: can be calculated. 
Assuming Css = 11.9 mg/ml 
KO 26 
Vd = = 12 Liters 


CssK  11.9x0.1835 
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4. A drug whose K = 0.02 hr‘ and Vd = 20 liters is infused to a patient at a rate of 3 
mg/hr for 8 hrs. What is the concentration of the drug in the body 2 hours after the 
cessation of the infusion. 


Solution : 
Method 7 : Equation 6.93 should be used to solve this problem. 
KO 
= pote _ akt -Kt* 
C, [zag] (ee). fe") 


Where, t = infustion time = 8 hrs 
t* = Post infusion time = 2hrs 


C= Lyg! (1 - @-0.02 x 8) (e-0.02 x 2-) 
3 
= 350x002 * 0.1479 x 0.96 
C = 1.065 mg/L 


Method 2 : Calculate the concentration of the drug in plasma after 8 hours of infusion 
using equation 6.87. 


KO 
= a . att 
C vdK (1-e™) 
3 
C= 50x0.02 (1 - e?02x8) = 4,1089 mg/L 


Now, treating this concentration of the drug in plasma as initial concentration, calculate 
the drug plasma level, after 2 hours. 


C= CO.eK = 1.1089 x e022 
C = 1.065 mg/L 
The two methods should give the same answer. 
5. What is the concentration of a drug after 8 hours after administration of a loading dose 


of 100 mg and simultaneous infusion of 20 mg/hr (the drug has a t,,. of 3hrs and a 
volume of distribution 100 L) ? 


Solution : K= 0.693/3 = 0.231 hr’ 
xo 
= 2 acl _ eKt 
c vae * yag Vae) 
100 20 
= — -0.231 x 8 arenes selene - @-0.231 x 8 
100°©  * ooxoa31 7 ) 
= 0.1576 + 0.7294 
C = 0.887 mg/L 
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6. A doctor wants to maintain 2 mg/L of plasma drug level in a patient by administering 
a loading dose and simultaneously !.V. infusion to get Css of 2 mg/L. If the drug has 
an elimination rate constant, K = 0.1 hr! and Vd = 15 L, what is the required loading 
dose and what is the required infusion rate? 


C sel p /mi 
ss = Vax 72 mg/m 


i KO = Css. Vd.K = 3 mg/hr 
Infusion rate = 3 mg/hr 


Loading dose = = 30 mg 


ae 
K 0.1 
7. An adult male patient (52 years, 70 kg) is to be given an antibiotic by I.V. infusion. 

According to the literature, the antibiotic has an elimination half-life of 2 hours, Vd of 


0.9 L/Kg, and is effective at a plasma drug concentration of 10 mg/L. The drug is supplied 
in 5ml ampoules containing 200 mg/ml. 


(a) Recommend a starting infusion rate in mg/hour and mi/hour. 
Solution : 


The effective concentration of the drug in plasma is 10 mg/L. This drug level has 
to be maintained by infusion, i.e., Css = 10 mg/L 


Infusion rate, KO = Css. Vd. K 
0.693 


= (10 mg/L) (0.9 L/kg x 70 kg) (7) hrs 
= 218.3 mg/hr 
Because the drug is supplied at a concentration of 200 mg/ml, 
KO = ks 1.09 ml/h 
= oo 7 109 mhr. 


8. An adult male asthmatic patient (78 kg, 48 years old) with a history of heavy smoking 
is given an |.V. infusion of aminophylline at a rate of 0.5 mg/kg per hour. A loading 
dose of 6 mg/Kg was given by I.V. bolus injection just prior to the start of the infusion. 
At 2 hours after the start of the infusion, the plasma theophylline concentration is measured 
and found to contain 5.8 mg/ml. The apparent Vd for theophylline is 0.45 L/Kg. 
Aminophylline is the ethylenediamine salt of theophylline and contains 80% of theophylline 
base. 


Because the patient is responding poorly to the aminophylline therapy, the physician 
wants to increase the plasma theophylline concentration in the patient to 10 mg/ml. 
What dosage recommendation would you give to the physician ? would you recommend 
another loading dose ? 
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Solution : If no loading dose is given and the infusion rate is increased, the time to 
reach the steady-state plasma drug concentrations will be about 4 to 5 t,,. to reach 
95% of the Css. Therefore, a second loading dose should be recommended to rapidly 
increase the plasma theophylline concentration to 10 mg/ml. The infusion rate must 
also be increased to maintain this desired Css. 


The calculation of the loading dose, X0, must consider the present plasma theophylline 
concentration. 
Vd (Caesirea = C present) 
(SXF) 

Where, S is the salt form of the drug and F is the fraction of the drug bioavailable. 
For aminophylline S is equal to 0.80 and for an I.V. bolus injection F is equal to 1. 
(0.45 L/kg) (78 kg) (10 - 5.8 mg/L) 

[0.80 (1)] 
Xo = 184.3 mg aminophylline 


The |.V. infusion rate may be calculated after an estimation of the patient's clearance, 
CL, Because a loading dose and an |.V. infusion of 0.5 mg/hr per kg is given to the 
patient, the plasma theophyline concentration of 5.8 mg/L is at steady-state Css. Total 
clearance may be estimated by : 


X0 = 


X0 = 


KO _ (0.5 mg/Kg per hr) (78 Kg) 
Css 5.8 mg/L 


= 6.72 L/hr or 1.44 mi/min/Kg 


The usual CL, for adult, non-smoking patients with uncomplicated asthma is approximately 
0.65 ml/min/Kg. Heavy smoking is known to increase the CL, of theophylline 


The new I.V. infusion rate, KO’, is calculated by 
KO’= Css desired .CL, 
= (10 mg/L) (6.72 L/hr) = 67.2 mg/hr 
or 0.86 mg/hr per kg. 


CL, = Vd. K= 


6.5 Extravascular Administration 
6.5.1 Pharmacokinetics of Drug Absorption 


Extravascular : An extravascular administration, a drug undergoes the process of absorption 
before it reaches systemic circulation. The absorption of a drug from the gastrointestinal 
(Gl) tract or any other extravascular site is dependent on the following: 

1. Physicochemical properties of the drug <= 

2. Physicochemical properties of dosage form and 

3. Anatomy and physiology of the absorption site. 
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Oral route of administration of a drug is used to develop equations, which are 
representative of the extravsacular routes of administration of a drug. The absorption of 
a drug at the absorption site is assumed to follow the first order kinetics. Most of the 
drugs are absorbed by a passive diffusion process which follows the first order kinetics. 
Absorption of drugs by active transport can be approximated by the first order kinetics 
at the concentration of the drug well below the concentration required to saturate the process 
(Fig. 6.19). Other mechanisms of absorption (facilitated diffusion, pore transport, vesicular 
transport and lon-pair transport) contribute very little for transport of drugs. Unless a drug 
is proved to be absorbed exclusively by a particular mechanism which can not be explained 
by the first order kinetics, it is generally assumed that the drug absorption follows the first 
order process. 


i=] 

2 

S 

a. 

O z 7 . r 

a 77» Passive diffusion 
B 7 

og 1 

f=} 4 

3 foe Seis So] 

pa ET 

© rs x~ . 
Bis, 7 Active transport 
~% 


Concentration of drug 


Fig. 6.19 Relation between the rate of absorption of drug & drug concentration at the site of 
absorption. 


The rate of change of the amount of the drug (dX/dt) in the body following extravascular 
administration is equal to the difference between the rate of absorption (dXa/dt) and the 
rate of elimination (dXe/dt). 


dX _ dXa dXe 


aa a 6.115 


Plateau phase dXa/dt = dXe/dt 


i ~ost absorption phase dXa/dt < dXe/dt 


I sy 

Absorption phase oe 

(dXa/dt) > dXe/dt “Elimination phase 
1 


ela 


Peak time of absorption 


Plasma level 


Time (hours) 
Fig. 6.20 Various phases of a plasma level-time curve for a drug given in a single oral dose. 


www.webofpharma.com 


One Compartment Open Model 213 


It should be noted that rate of a process depends on the amount of the drug available 
for such a process at a given time and is equal to the product of rate constant and the 
amount of the drug at a given time. Hence, the rate of a process changes with time since 
the amount of the drug changes with time. 


Fig. 6.20 shows the plasma drug level-time curve obtained following a single oral 
dose of a drug. The curve can be divided into various parts based on relative magnitudes 
of the rate of absorption and rate of elimination at different time points. 


1. Absorption Phase : After the oral administration of a drug, the whole dose of the 
drug is available for absorption at zero time. The amount of the drug at the absorption 
site declines as a function of time. Hence, during the absorption phase of a plasma 
level-time curve (Fig. 6.20), the rate of drug absorption is greater than the rate of drug 
elimination. 

dXa _ dXe 
— > — 
dt dt 

2. Plateau Phase : Absorption of a drug into the systemic circulation gradually increases 
the plasma level of the drug as long as the absorption rate is greater than the eliminaiton 
rate. The gradual increase of the drug level in plasma increases the rate of elimination 
of drug, dXe/dt, as a function of time. It means that the rate of absorption of drug 
decreases with time, while the rate of elimination of drug increases with time. Eventually, 
at a particular time the rate of absorption of the drug and the rate of elimination of 
drug will become equal. The time at which this occurs is called time of peak drug 
concentration (t,) in plasma and the concentration is known as peak concentration 
or maximum plasma drug concentration (C nax); following a single oral dose of the 
drug. At tẹ the rate of absorption = rate of elimination 


dt dt 
During this phase the rate of change of the amount of the drug in the body (dX/dt) 
is equal to zero. Theoretically, this phase will exist momentorily. 

3. Post Absorption Phase: immediately after the plateau phase, the rate of elimination 
of the drug is faster than the rate of absorption, as represented by the post absorption 
phase in Fig. 6.20. During this phase the drug levels decline slowly since the absorption 
of the drug is still in progress. 

dt dt 

4. Elimination Phase : When the drug at the absorption site becomes depleted, the 
rate of drug absorption approaches zero, or dXa/dt = 0. The elimination phase of 
the curve then represents only the elimination of the drug from the body, which is usually 


a first order process. Therefore, the rate of change in the amount of the drug in the 
body during the elimination phase is described by the first order process. 


6.116 


6.117 


6.118 


—— =-KX 6.119 


X = Amount of drug in the body at any time 
K = Overall elimination rate constant. 
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6.5.2 Oral Administration of Drug - Unchanged Drug in Blood/Plasma 


The following scheme is used to understand the concept of first order absorption and 
elimination process in developing equations that describe the time course of drug levels 
in the body following oral administration. 


Scheme 6.5.2 


Where, X0 is an oral dose of the drug administered, X is the amount of the drug 
in the body at any time which is equal to the product of the volume of distribution of the 
drug and the plasma drug concentration. Ka and K are the first order rate constants of 
drug absorption and elimination processes, respectively. 


For a drug that enters the body by an apparent first order absorption process, and 
is eliminated by a first order process and distributes in the body according to one compartment 
model, the following differential equation applies. 


Rate of change in drug amount in the body = Rate of drug absorption - Rate of 


drug elimination 6.120 
dX dXa dXe 
dt dt dt one 
dX 
FA = Ka Xa - KX 6.122 


Where Xa is the amount of the drug available at the absorption site at any time. 


Let us assume that ‘F’ is the fraction of the oral dose (X0) that will be absorbed 
ultimately. At time zero, Fxo amount is available for absorption and it declines as a function 
of time. 

Therefore, Xa? = F X0 6.123 

Xa? = amount of drug available for absorption at t = 0. The rate of disappearance 
of the drug from the gastrointestinal tract is described by, 

ae Ka X 6.124 
q | Ka Xa : 


Integration of Equation 6.124 between the limits of t = 0 and t = t, yields the following 


t t 
| (axaixay =- Ka f dt 
0 0 


| InXal,} = -Ka itl! 
In Xa - In Xa? = - Kat 


In Xa = In Xa? - Kat 6.125 
But we know that Xa° = F X0 
In Xa = In F XO - Kat 6.126 
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Equation 6.126 can be written in an expoential form as : 


Xa = FXO. eat 6.127 
The differential equation for the amount of the drug in plasma, is given by eqn. 6.122 
dx 
—— = Ka Xa-KX 
dt 
but Xa = F X0 e Kat 
dX 
F Ka F XO et -KX 6.128 
dx 
‘det K X = Ka F X0 ekat 6.129 


Multiply Equation 6.129 with eXt and rearranging it. 


=* et +K X eXt = Ka F XO e(Kakit 
dX eXt +K X eX dt = Ka F X0 e(KakKt qt 6.130 
Integrating equation 6.130 between limits t = 0 and t = t 


t 


t 
f (dX e% +KXe dt) = KaF X0 f e-Ka-K) dt 
0 


0 


e7(Ka-K)t 1 
Xe% = Ka F XO [———__+—____] 
-(Ka-K) (Ka-K) 
Ka F X0 
Kt = oo fy e(Ka-Kit 
Xe Gao 1 6.131 
Dividing equation 6.131 but et, we get 
KaFXO 1 e9 
X= [ar 7 er] 
(Ka-K) ʻe e 
Ka F X0 
= -Kt _ a-Kat 
X (Ka-K) (e esan 6.132 


Equation 6.132 describes the time course of the amount of the drug in the body. 
But plasma drug concentration - time data is used in pharmacokinetic study. Dividing equation 
6.132 by the volume of distribution of drug (Vd), 
X KaFXO | to kat 
— = = ————— se - 1 3 
va Vata a a 
Equation 6.133 describes the time course of the drug concentration in plasma following 
the oral route of administration. A survey of the literature indicates that for most drugs 
administered in readily available dosage forms, the absorption rate constant (Ka) is 
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significantly larger than the elimination rate constant (K). Exceptions to this general 
observations are also found in the literature, which will be discussed later in this chapter. 
If Ka is much larger than K (a good rule is that it must be at least five times larger), the 
second exponential (e"K@t) in equation 6.133 will approach zero much more rapidly that 
the first exponential term (e*t). And at larger values of t, equation 6.133 will reduce to, 


KaFX0O ig 
= | 6.134 
C Vd (Ka -K) = 
Equation 6.134 explains the elimination phase (i.e. the time when absorption no longer 
occurs) of the plasma drug concentration-time curve (Fig. 6.21). Equation 6.134 can be 


written in common logarithms as : 


Log Ka F X /Vd (Ka - K) 


LogC 


Slope = -K/2.303 


Time (hours) 


Fig. 6.21 Logarithm of plasma drug concentration-time curve for a single oral dose of a drug. 


log © = log [KE] - K 12.303 6.135 
Vd (Ka - K) 

A plot of the log of the plasma drug concentration versus time yields a bioexponential 
curve initially and becomes linear during the elimination phase, which is described by Equation 
6.135 (Fig. 6.21). The slope of the terminal linear portion of the graph is equal to 
-K/2.303 and the intercept is equal to log Ka F XO/Vd (Ka-K). Hence, the value of the 
elimination rate constant, K can be obtained from the slope of the terminal linear portion 
and elimination of the half-life of the drug is given by 0.693/K. 


Determination of Absorption Rate Constant From Oral Data 


1. Method of Residuals: The time course of drug concentration in plasma following an 
oral administration of a drug is given by Equation 6.133. The value of Ka is obtained 
by using the following procedure. 


(a)Plot the drug concentration versus time on semilog paper with the concentration values 
on the logarithmic axis. 


www.webofpharma.com 


One Compartment Open Model 217 


(b)Calculate the slope of the terminal linear portion of the graph. From the slope calculate, 
‘K’ and the elimination half-life. 


(c) Extend the terminal linear portion of the graph to cut Y-axis. The intercept is equal 
to Ka F XO/Vd (Ka-k). 


(d)Apply the method of residuals (for details see Appendix-lll) to obtain residual 
concentration time data and plot the data on the same graph paper to obtain residual 
line. The slope of the residual line is equal to -Ka/2.303. Calculate the absorption 
rate constant, Ka, and absorption half-life, which is equal to 0.693/Ka. 


2. Wagner-Nelson Method : In the method of residuals, the absorption process is assumed 
to be of the first order kinetics. This assumption is valid for solutions and rapidly dissolving 
dosage forms, where the absorption process itself is rate determining. In cases where 
the release of the drug from the dosage form is rate limiting, the kinetics are often zero- 
order, mixed zero and first order, or even more complex processes. 


The Wagner-Nelson method of calculation does not require a model assumption 
concerning the absorption process. It does require the assumption that (1) the body 
behaves as a single homogeneous compartment, and (2) drug elimination obeys the 
first order kinetics. 


Derivation : For any extravascular drug administration, the mass balance equation 
can be written as the amount administered equals the amount absorbed (A) plus the 
amount unabsorbed, (Aun), that is the amount of the drug remained at the absorption 
site. 


X0 = A + Aun. 6.136 


The amount absorbed (A) to any time t, is equal to the sum of the amount of the drug 
in body (X) and the amount of the drug eliminated from the body to any time, t (Xe). 


A=X + Xe 6.137 
Taking the derivative with respect to time yields 


dA _ dX | dXe 


ao Qs + ar 6.138 
But X= Vd C, hence 
dX dC 
1 Vd ns 6.139 
and dXe / dt = KX but X=VdC 
dXe 
Therefore, “dt =KVdC 6.140 
dA dC 
Therefore, at = Vd. a + KVdC 6.141 
dA = Vd dC + KVdC dt 6.142 


Integrating equation 6.142 between limits of t = 0 to t = t gives, 
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t 


va J ac kvd J cat 
0 


0 


dA 


È t ™ 


t 


A, - A, VdiG -C | + Kvd J ct 6.143 
0 


AO = amount of drug absorbed at t = 0 is equal to zero and the concentration 
of the drug in the body at t = 0 also equal to zero. So, 


t 


A= vact +KVd J cat 6.144 
0 


Rearranging the equation 6.144, 


t 
At 
war tk Ica 6.145 


Where At/Vd is the amount of the drug absorbed up to time t divided by the volume 
of distribution. 
Ct = The plasma (serum or blood) concentration at time t 


t 
f C dt = The area under the plasma (serum or blood) concentration versus time 
0 


curve up to time t. 


Integrating equation 6.142 between the limits of t = 0 to t = « and rearranging the 
resultant equation, gives the following 


io = Vd le + KVd fe. dt 
0 0 0 


Ac = Vd (C. - C,) + K Vd J cut but c.=0C,=0 
0 


oc o 
Therefore, Ax = K Vd Ic. dt. 6.146 
0 
' AQ f 
or Va = K Jc. dt 6.147 


Where, Ax/Vd = the total amount of the drug absorbed from the dosage form up 
to infinite time divided by the volume of distribution of the drug. 


fc.at = The area under the entire plasma (serum or blood) concentration versus 
0 


time curve. 


www.webofpharma.com 


One Compartment Open Model 219 


The fraction of the drug absorbed at any time is obtained when Equation 6.145 is 
divided by Equation 6.147. 


(At/Vd)/(Ax/Vd) = (Ct + K fe. dt)(K fean 6.148 

0 0 
At/Acx = (Ct + K f Cdt)/(K fca 6.149 

0 0 
The fraction unabsorbed at any time t is 
(1-At/Aœx) = [1 -(Ct+K fean f Cdt) 6.150 
0 0 

100(1-At/Acxc) = 100 [1 -(Ct+K fean fean 6.151 

0 0 


The percent unabsorbed at any time t can be calculated using Equation 6.151. If 
a plot of percent-unabsorbed drug versus time gives a straight line then the absorption 
process is zero-order (Fig. 6.22). A semi-logarithmic plot of the percent unabsorbed versus 
time yields a straight line, then the absorption process is said to follow the first-order kinetics. 
The slope of the straight line is equal to -Ka/2.303 (Fig. 6.23). 


oS 

= 

x 
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Fig. 6.22 Percent of unabsorbed drug versus time plot of a single oral dose of a drug showing 
zero-order absorption process. 


Log percent 


unabsorped Slope = -Ka/2.303 


Time (hours) 
Fig. 6.23 Logarithm of the percent unabsorped versus time plot showing the first-order absorption 
process. 
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The Wagner-Nelson method allows us to understand the absorption kinetics without 
any prior assumption. This method is also useful for studying the mechanism of release 
of drugs from dosage forms in vivo. In general the absorption process itself usually obeys 
the first order kinetics, whereas the dissolution of capsules, tablets, especially sustained 
release dosage forms, often must be described by more complex kinetic mechanisms. 


Determination of Cmax and t, 


Maximum plasma concentration, Cmax following a single oral dose of a drug occurs at 
the plateau of the plasma concentration-time curve. The time needed to reach the maximum 
concentration is called peak time, t,. The time needed to reach Cmax is independent of 
the dose and is dependent on the rate constants for absorption (Ka) and elimination (K). 
At the maximum concentration, some times called peak concentration, the rate of drug 
absorption is equal to the rate of drug elimination. Therefore, the rate of concentration 
change, dC/dt, is equal to zero. 


The rate of concentration change can be obtained by differentiating equation 6.133, 
as follows, 


Ka FXO 
C= ——— -Kt _ e-Kat 
Vd(Ka-kK) © ) 


Which when differentiated with respect to time, 


dC -KKaFX0 «œ Ka’ FXO « 
aL okt + i Kat 152 
dt Vd(Ka-K) © ` Vd(Ka-K) © A 


When the plasma concentration reaches Cmax at time t,, dC/dt = 0, therefore 


K KaFXO kp _ Ka’ FXO kap 


Vd (Ka-K) Vd (Ka - K) 
Which can be simplified to, 
K ektp = Ka eKatp 6.153 


Ka eS? 
K e7 Katp 


or 


In common logarithms: 


log Ka _ -Kt, A Kat, 
K 2303 2.303 


2.303 Ka 
therefore, t, = ——— log — 
P  (Ka-K) 9X 


6.154 
As explained earlier, tp is dependent only on the rate constants Ka and K. 
The maximum concentration of the drug in plasma occurs at tp hence, by substituting 


ty for t in Equation 6.133, we get equation 
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Ka F X0 
C = —————— (eKtp . @Katp : 
max Vd (Ka-K) (e e ) 6 155 


However, a much simpler expression can be obtained from Equation 6.155, by 
substituting eK? equal to K/Ka et? according to Equation 6.153, 


c= KaFXO okip. Ka 
K 


-Ktp 
E eKtp) 6.156 


_ KaFX0e*" 


Ka 
Vd (Ka-K) (To) 


KaFX0 (Ka—K) i 


= a -Ktp 
Vd (Ka - K) Ka 


F X0 
C = ~ eKtp 6.157 


max Vd 


Therefore C nax observed following the first order input is a function of the fraction 
of the dose entering the body, the apparent volume of distribution, and the apparent first 
order absorption and elimination rate constants. 


Volume of distribution (Vd) 


Extrapolation of the terminal linear portion of the semilog plot of the plasma drug concentration 
versus time gives an intercept equal to the following, 


Ka F X0 
Vd (Ka -K) 


Therefore, 


Ka F X0 
Intercept (I) = TES 6.158 


Ka F X0 
or Vd = T(Ka-K) 6.159 
If the fraction of the dose absorbed is equal to unity (i.e., F = 1) then 


_ KaF X0 

~ 1 (Ka-K) 

An estimate of Vd, can be made from Equation 6.160, since all other terms in the 

equation are known. The value of F is known, so equation 6.159 can be used to estimated 
the volume of distribution, Vd. 


A more satisfactory method for determining the volume of distribution following the 
first order absorption is obtained by integrating equation 6.133, between t = 0 tot =a, 


6.160 
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x 


f C dt = [(Ka F X0)/Vd (Ka-K)] f (ekt - erKaty dt 
0 0 


x 


f Cdt = [AUC]; 


0 


~_ KaFX0 
[AUC], Vd(Ka-K) [ 


-K; ; 


Ka F X0 ES 1 


[AUCK = Vacka-K) ‘K Ka 


6.161 


Ka F X0 
where —————— = |, the zero time intercept. 
e Vd(Ka-K) i ro ti intercep 


Equation 6.161 readily permits the estimation of the area under the plasma 
concentration-time curve, since the values of Ka, K and zero time intercept, | are known. 


Further simplification of Equation 6.161 yields, 
Ka F X0 Ka F X0 


C C= eee 
[AUC], VdK (Ka-K) VdKa(Ka-K) 
Ka F X0-Ka F X0 
Vd K (Ka-K) 
- X 
[AUC] = FXO (Ka-K)_FX0 6.162 


VdK (Ka-K) VdK 


Which is an equation for the total area under the plasma drug concentration-time 
curve from t = 0 to t = « after a first order absorption. Rearrangement of Equation 6.162 
results, ' 


F X0 


aa 6.163 
K[AUCh 


Equation 6.163, enables the calculation of the apparent volume of distribution of 
a drug from the plasma drug concentration-time data obtained following the first order 
absorption. 


Lag time 
In some instances absorption of the drug after a single oral dose does not start immediately 
due to such physiological factors as stomach-emptying time and intestina! mobility or due 


to formulation itself. The time delay prior to the commencement of the first order drug 
absorption is known as lag time (t). 
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Irrespective of the relative magnitudes of the constants for absorption and elimination, 
the same intercept on the log concentration axis [log KaFX0/Vd Ka-K] should be obtained 
on extrapolation of the terminal exponential phase and the residual line to time zero. 
interaction of these two lines at some point in time greater than t = 0 suggests that there 
is a lag time (t) before absorption. The time at which two lines intersect is used to find 
out lag time. A perpendicular drawn on to X-axis from the point of intersection of the lines 
gives the lag time (Fig. 6.24). 


es) 
> 
2 
oh 
Z 
mo} 
oO 
E 
£ 
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on 
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Log time (t,) 
Time (hours) 


Fig. 6.24 Determination of lag time by method of residuals. The line extrapolated from terminal 
linear portion of the plasma level-time curve and residual line obtained by feathering the plasma 
level-time curve intersect at a point where t > 0. 


The lag time, t,, represents the beginning of drug absorption and a more appropriate 
equation that can adequately describe the curve in Fig. 6.24 can be obtained by subtracting 
the lag time from each time point, as shown in Equation 6.164. 


Ka F X0 


Z -K(t-t) . @-Ka(t-tl) 6.164 
Vd (Ka - K) (e i } 


Where Ka F X0/Vd(Ka-K) is the y value at the point of intersection of the lines in 
Fig. 6.24. 


A second expression that describes the curve in Fig. 6.24 can be written without 
considering the lag time. 


C = B.ekt - A.eKat 6.165 


Where, A and B represent the intercepts on Y-axis after extrapolation of the lines 
for absorption and elimination, respectively. 


Flip-flop of Ka and K 


The estimation of the rate constants for absorption and elimination by method of residuals 
is based on the assumption that Ka >> K. Hence, the terminal phase of the plasma level 
time curve represents elimination (from which K is calculated) and the residual line obtained 
by feathering plasma level-time curve represents absorption (from which Ka is calculated). 
If K >> Ka, then the values of Ka and K are obtained in a reverse way. i.e. Ka from the 
terminal phase and K from the residual line. This phenomenon is called flip-flop of the 
absorption and elimination rate constants. The only way to be sure of estimates is to 
compare the K calculated from oral administration with K from intravenous data. 
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Most of the drugs observed to have flip-flop characteristics are drugs with a fast 
elimination (i.e. K > Ka). Drug absorption of most drug solutions or rapidly dissolving products 
are essentially complete or at least half completed within an hour (i.e. absorption half life 
is 0.5 to 1 hour, corresponding to a Ka of 1.38 hr‘ to 0.69 hr‘). Because most of the 
drugs used orally have longer elimination half-lives, the assumption of using a smaller 
rate constant (i.e. the terminal phase of plasma level-time curve) as an elimination rate 
constant is generally correct. 


The larger the elimination rate constant (K > 0.69 hr‘) of a drug, the greater is the 
chance for the flip-flop of Ka and K. The flip-flop of Ka and K has been noted for isoproterenol 
which has an oral half life of only a few minutes (i.e. K >> 0.69 hr’). The flip-flop of Ka 
and K has been reported for salicyluric acid which has K much larger than Ka. 


Special Case where Ka = K 


A situation may occur in theory where the absorption rate constant and elimination rate 
constant of a drug are equal. For such a situation an equation that describes the time 
course of drug concentration in plasma can be developed using Equation 6.130. 


[axe + Kxek f dt=KaF xof etkoxr at 6.130 
0 0 0 


Since Ka = K, we can write Ka = K = K. 
Substituting K’ for K and Ka in Equation 6.130. 


t t 
f dX et + kK’ X eKt dt =K’ F xo | e(K-K)t dt 6.166 
0 0 
í 
X et = KF xo | e° dt 6.167 
0 
X t= KF XO t 6.168 
X= K’F XO t e*t 6.169 
in concentration terms, 
C= = t. eft 6.170 
= wa e : 


In logarithmic form, 
K'FX0t K't 


A plot of log C versus time will be a curve from time zero to infinity, because ‘t is 
present in intercept value which is a variable. 


The rate of change in plasma drug concentration, dC/dt can be obtained by 
differentiating equation 6.170 with respect to time using formula differentiation of 
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du dv 
U.V. dy + dy U 
dC K'FX0 K? FXO 
Da Kio ee of aK 
at va & vd te 6.172 
At C,,,,, dC/dt = 0 and time is equal to t,. Therefore 
K'F X0 K? FXO 
Mie AA -K'tp 
va ° yg be 
ml 
t= K 6.173 
Substitution of tp for t in Equation 6.170 yields an equation for C,,... 
K'F X0 , 
C max = Vd t eK'tp 6.174 
but t= 1/K’ 
2 K'FX0 1 eK’ 1K 
max Vd K' 
Cmax = (FXO/Vd) et = 0.3679 FXO/Vd 6.175 


Cmax ÎS dependent only on the fraction of the dose absorbed and the volume of 
distribution. 


6.5.3 Oral Administration of Drug - Unchanged Drug in Urine 


Urinary excretion data obtained following the first order input into a one compartment model 
can be treated in the same manner as when a drug is administered intravenously. The 
reader is advised to refer to the urinary kinetics of the drug following |.V. bolus to understand 
the factors affecting urinary excretion of drugs. 
Scheme 6.5.3 
Ke 
Ka u 


XO X=Vd.C 
Where, all the terms are as defined previously. 
Excretion Rate Method 


The amount of the unchanged drug excreted in urine is only dependent on the amount 
of unchanged drug in the body. The rate of urinary excretion of the unchanged drug 
is given by, 


—— = Ke X 6.176 
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_ KaFxX0 

~ (Ka-K) 

Substituting X value in 6.176 
dXu _ KeKaF X0 
“dt (Ka-Ky 


but xX 


(ekt eo e-Kat) 


(eKt - eKat) 6.177 


Because the rate of urinary drug excretion, dXu/dt can not be determined directly, 
AXu/At is used, which is the average rate of urinary drug excretion at the mid point of 
urine collection period (t). Therefore, 


AXu _ KeKaFX0 
At (Ka-K) 
Where in t’ = mid-point of urine collection period. In practice, AXu/At is assumed 
to be equal to dXu/dt and is valid if the urinary sampling time intervals are short. 


If Ka >> K, the term et in equation 6.178 will approach to zero after some time 
(after post absorption phase) but the term et still has some finite value. Therefore, after 
some time, Equation 6.178 becomes, 

AXu _ KeKaF X0 
At (Ka-K) 


(eK! - ekat) 6.178 


eK? 6.179 


In logarithmic form, 
5 Ke Ka F X0 Kt' 
Ape aK) 2308 


A plot of (AXu/At) versus the mid point of urine collection period will yield a curve 
(Fig. 6.25a) identical in appearance to the plasma level-time curve (Fig. 6.25b) 


6.180 


Rate of drug urinay excretion 
Rate of drug urinay excretion 


Time (hours) Time (hours) 


Fig. 6.25 (A) Rate of urinary drug excretion versus Fig. 6.25 (B) Plasma drug level versus 
time plot following a single oral dose. time plot following a single oral dose. 
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A plot of log (AXu/At) versus t’ is used to calculate the pharmacokinetic parameters 
(Fig. 6.26), also the slope of the terminal linear portion of the plot is equal to -K/2.303. 
The absorption rate constant, Ka is calculated from the slope of the residual line obtained 
by the method of residuals. The intercepts of both the lines are equal (i.e. log Ke Ka 
F XO/(Ka-K). If the fraction of the dose absorbed, F and the oral dose, X0 are known, 
Ke can be calculated from the intercept. 


Intercept = log (Ke Ka F X (Ka - K) 


Log (AXu/At) 


Slope = -K/2.303 


_ 
_'. Slope = -Ka/2.303 


Time (mid point of urine collection period) 


Fig. 6.26 Log (AXu/At) versus time plot. 


Sigma-Minus Method 


Cumulative amount of the unchanged drug excreted in urine upto any time can be obtained 
by integrating Equation 6.177 between t = 0 tot =t. 


t 


f dXu = f [(Ke Ka F X0)/(Ka - K)](e*t - e-Kat) dt 
0 0 


-Kt -Kat 
Ke Ka F X0 rel l (E +y 6.181 
(Ka-K) -K K ‘-Ka Ka 
. Xu? = cumulative amount of drug excreted in urine at t = 0 is equal to zero. Simplifying 
Equation 6.181, we get 


Xt- X05 


KeFX0 KeKaFX0 je K# eK 
—— += E-E) 6.182 
K (Ka-K) Ka K 
A plot of Xut versus time will give the urinary excretion curve described in Fig. 6.27. 
When the total drug has been excreted, i.e., at t = «, Equation 6.182 reduces to, 


Xut = 


FXO 
Xu“ = = 6.183 


Where in Xu“.is the total amount of the unchanged drug excreted in urine in 
infinite time. 


An equation that describes the amount of the drug to be excreted versus time can 
be developed from Equations 6.182 and 6.183. 
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Cumulative amount of drug 
excreted in urine (X,') 


Time (hours) 
Fig. 6.27 Cumulative amount of drug excreted in urine versus time plot. 


Xu” 


Xu“ - Xut = (Ka.e*t - K. eat) 6.184 


(Ka -K) 


Slope = -K/2.303 


Log (X,7-X,') 


*— Slope = -Ka/2.303 
Time (hours) 
Fig. 6.28 Log (X,"/X,') versus time plot. 


A plot of log (Xu* - Xut) versus time is used to calculate the pharmacokinetic parameters 
(Fig. 6.28). The slope of the terminal linear portion of the graph is equal to -K/2.303. 
A residual line can be obtained by the method of residuals, the slope of which is equal 
to -Ka/2.303. 


Since, X,* = Ke F X0/K, Ke can be calculated if F and XO are known. 
Practice Problems 


1. A59 Kg male received 2 mg/kg of an antibiotic orally. The following plasma concentration 
versus time data is obtained. Assume that the drug follows one compartment open 
model and is completely absorbed. Calculate the following 


(a) Estimation rate constant (K) and biological half-life (t,,.) 
(b) Absorption rate constant (Ka) and absorption haif-life 
(c) Volume of distribution, Vd 

(d) thax OF tp and Cmax 

(e) AUC 
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Time (hrs) Plasma concentration (mg/ml) 


(a) Plot plasma concentration versus time data on a semi-logarithmic paper. Find out 
the terminal linear portion of the graph. The slope of this line is - K/2.303. 
Slope = 0.0669 
K = 0.0669 x 2.303 = 0.154 hr! 
; , , 0.693 0.693 
Biological half-life = x aa" 4.5 hrs. 
Extrapolate the termina! linear portion to cut Y-axis. Measure the plasma 
concentration on the extrapolated line at sampling times. Calculate the difference 
between the concentrations on the extrapolated line and practical data. These 
concentrations are called “Residual plasma concentrations”. Plot a graph on the 
same paper taking the residual concentrations on a log scale and time on an ordinary 
scale. Fit the data points to yield a straight line, the slope of which is equal to 
-Ka/2.303. 


(b 


— 


Slope = 0.43 
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Absorption rate constant (Ka) = 
slope x 2.303 = 0.43 x 2.303 = 0.99 hr' 


Absorption half-life 
0.693 0.693 
Ka 099 ~ 0.7 hrs. 


(c)Read the value of the intercept obtained by extrapolating the terminal linear portion 
of the graph. 


Intercept = 11.8 ug/ml 


Therefore, 11.8 = a. 
Vd(Ka-K) 
The drug is completely absorbed, 
so F = 1 and X0 = 2 mg/Kg x 59 Kg = 118 mg 
Volume of distribution 
_ _0.99x1x118mg 
(Vd) = 378(0.99-0.154) 
116.92 F 
= 9.8648 = 11.842 Liters 
d) Time at which peak concentration occurs (tp) or tmax 
_ _2.303 lo Ka 
(Ka —K) g K 


2.303 0.99 
= (0.99-0.154) '°9 0154 
Maximum plasma concentration, C nax 


_ FXO kp _ 1x18 


va © * 41,842 
7.1 ug/ml 


= 2.226 hrs 


x  @r0-154 x 2.226 


e) AUC 
AUC,! = 5 Cit (t, z ta) 
i=0 


(3.8 +5) 


@+22) (0.25 - 0) + CiD (0.5 - 0.25) + ===- (0.75 - 0.5) + 
po a oe (1 - 0.75) + a (1.5 - 1.0) + nee) (2.0 -1.5) + 


— (7.1+7.1) (2.5 - 2.0) + (7.1+ 6.9) (3.0 - 2.5) + o ea 


2 2 eal 
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(6.2 + 4.8) 


~~ (6-4) + 


aes) eee 


(3.5+1.9) (1.9 + 0.8) 
A a ARE Tae an ~ 


(18 - 12) es (24 - 18) = 65.20 ug-hr/ml 


AUC = C/K = 0.3/0.154 = 1.95 yg-hr/ml 
AUC,* = 65.20 + 1.95 = 66.3 yg-hr/ml 


2. A drug is injected intramuscularly to a healthy volunteer and the following plasma 
concentration of the drug versus time data obtained. Calculate the absorption rate 
constant and state the order of the absorption process. 


Time (hrs) Plasma Drug concentration (mg/ml) 


Solution : 


The order of the absorption process can be assessed with the Wagner-Nelson method. 
Therefore, the Wagner-Neison method should be used here for the calculation of the 
absorption rate constant. 


The equation used is 


t 
At 
va = E + «| C. dt 6.145 


Step 1. A semilog plot of plasma drug concentration versus time should be made. The 
slope of the terminal linear portion of the graph is equal to -K/2.303 


Slope = 0.0651 
K = 0.0651 x 2.303 = 0.15 hr’ 
Biological half-life 


_ 0.693 _ 
(ty) = 0.15 = 462 hrs 


www.webofpharma.com 


232 Biopharmaceutics and Pharmacokinetics 


Construct the following table : 


At 
Time (hrs) Plasma Drug Conc. (mg/ml) «J C.dt 


Aa 
Va = 10.0 


The above table shows the steps involved in carrying out the Wagner-Nelson 


calculation. The third column ( f C.dt) shows the area under the C versus time curve 
0 


calculated sequentially from t = 0 to each of the time points using the trapezoidal rule. 


t 
The fourth column al C.dt) shows each of the preceding areas multiplied by K. The 
0 


fifth column (At/Vd) shows the sums of the values indicated in the second and fourth columns 
according to equation 6.145. Acc/Vd is the maximum value in the fifth column (i.e., 10.00). 
The sixth column shows the residual between Ax/Vd and each sequential value of At/Vd 
in the fifth column. Now plot the values in sixth column versus time and log of values 
in sixth column versus time. If the absorption process obeyed first-order kinetics, a semilog 
plot will be a straight line with a slope of -Ka/2.303. If the absorption process follows 
zero order kinetics, the regular Cartesian plot will yield a straight line with the slope equal 
to the zero order rate constant. /n this case, a straight line is obtained with the cartesian 
plot. Hence, the absorption process follows zero order kinetics. The zero order rate constant 
is equal to 25 mg/hr. This example illustrates the usefulness of the Wagner-Nelson calculation 
for studying the mechanism of release of drugs from dosage forms in vivo. Drug absorption 
from a solution follows the first order process and deviations from it indicates release 
characters of the dosage forms. 
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Likely Questions 


1. 
2. 


20. 
21. 


What do you mean by one compartment open model? 


What are the assumptions made in developing equations for a one compartment 
model? How do you justify the assumptions? 


What are required for developing mathematical equations that describe drug 
concentration in body-time profile? 


Derive an equation that describes the time course of the drug level in the blood 
following I.V. administration (bolus). 


What is an apprent volume of distribution? 


What are the factors responsible for non-homogenous distribution of a drug in its 
volume of distribution? 


What do you mean by apparent first-order elimination rate constant? 
Prove that t, = 0.693/K. 


How do you calculate plasma clearance and total body clearance? 


. What is GFR? What are the ideal characters of a substance used to estimate the 


GFR? 


. What are the factors that govern the passive transport of drugs across the renal 


tubule? 


. Write about the active transport of drugs across the renal tubule. 


. With the help of a neat sheme, derive an equation that describes the urinary excretion 


rate-time data following. 1.V.bolus administration of a drug. 


. How do you calculate pharmacokinetic parameters by Sigma-Minus method, following 


1.V.bolus administration of a drug? 


. Compare and contrast Excretion Rate method and Sigma-Minus method. 
. What are the problems encountered in obtaining a valid urinary excretion data? 
. What is renal clearance? How do you estimate it? 


. Give an equation that describes the plasma metabolite concentration-time data 
` following |.V.bolus administration. What happens when the metabolite elimination 


rate constant (Km) is much more greater than the overall elimination rate constant 


(K)? 


. Draw a scheme for urinary excretion of metabolite following !.V.bolus administration 


of a drug. 
What are the advantages of administering a drug by a constant rate I.V. infusion? 


How do you calculate the half-life of a drug in a patient by i.V. infusion method? 
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22. 


23 


24. 


25. 
26. 


27. 
28. 
29. 
30. 


31. 


32. 


Biopharmaceutics and Pharmacokinetics 


Derive an equation that describes the unchanged drug excretion in urine following 
|.V.infusion. 


Simultaneous |.V.injection and infusion are used for an immediate therapeutic effect. 
Explain. 


What are the various phases of a plasma drug level-time curve following oral 
administration? 


How do you determine the absorption rate constant by the method of residuals? 


What are the advantages of the Wagner-Nelson method over method of residuals 
in estimating absorption rate constant? 


Derive the equations for t, and Cmax 
How do you estimate the /ag time for an orally administered drug? 
What is the “flip-flop” of Ka and K? 


Give the equations used for urinary Excretion Rate and Sigma-Minus method following 
oral administration of a drug. 


A dose of 325 mg of a new drug is injected intravenously to a healthy volunteer 
and the following blood data was obtained. Assume that the drug follows one 
compartment open mode! and calculate all possible pharmacokinetic parameters. 


Time (hrs) | Concentration (mg/L) 


The following plasma data is obtained after a 1.V. bolus dose of 184 mg of ceftriaxone, 
a semisynethetic cephalosporin antibiotic. Estimate all possible pharmacokinetic 
parameters. 
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33. 


34. 


35. 


Plasma concentrations of cocaine after a single I.V. dose of 33 mg in a 75 Kg male 
are given below 


Time (hrs) Concentration (mg/L) 


Calculate all possible pharmacokinetic parameters. 


A single I.V. dose of 1 gram of a new drug is given to a healthy male volunteer. 
The following urine data is obtained. Calculate the possible pharmacokinetic 
parameters by the Excreted Rate Method and Sigma-Minus Method. 


Time (hrs) Cumulative amount of unchanged 
drug excreted in urine X,t (mg) 


Plasma concentrations following |.V. and oral administration of 500 mg of an antibiotic 
to a subject are given below. 


Time (hrs) 0.33 0.5 0.67 1 1.5 2 4 6 10 
Plasma concentration iV 14.7 12.6 11.0 - 90 82 79 66 6.2 
(mg/L) 

Oral - 2.4 - 38 42 46 81 58 51 
Time 16 24 32 48 
IV. 4.6 3.2 23 1.2 
Oral 4.1 3.0 23 13 


(a)From a semilogarthmic plot of the plasma concentrations, estimate the elimination 
the half-life of the antitbiotic in the subject 


(b)Calculate the total AUC following I.V. and oral administration. 
(c) From the I.V. data, estimate the clearance and volume of distribution of the antibiotic. 
(d)Calculate the oral bioavailability of the drug. 
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36. 


37. 


38. 


A pharmacokinetinetist gives griseofulvin orally, 0.5 g of a micronized drug formulation 
and, on another occasion intravenously, 100 mg to volunteers. The plasma 
concentration time data obtained in one subject are given below. 


Time(hrs) Plasma concentration of griseofulvin (mg/L) 
1.V.boius Oral route 


From appropriate plots and calculations, what can be concluded from these data 

with respect : 

(a) Rate of absorption of griseofulvin with time on oral administration in this 
individual? 

(b) Completeness of absorption ? 

A scientist measures phenytoin concentrations after the administration of sodium 


phenytoin intramuscularly (500 mg) and intravenously (250 mg). The average data 
obtained in 12 subjects, each of whom received both treatments, are listed below. 


Time (hrs) Route 0 1 2 4 6 8 12 24 48 72 96 120 
Plasma 

Phenytoin IM. 0 30 32 35 32 36 38 4.1 32 16 0.8 0.4 
Concentration 

(mg/L) LV. 5.6 54 52 49 - 39 32 22 0.88 0.42 - - 


(a) Estimate the bioavailability of phenytoin from the I.M. Site based on the areas 
of comparisions. 

(b) From an appropriate plot of the data, comment on the process limiting the decline 
of the plasma phenytoin concentration following I.M. administration. 


A 50 kg woman is given a single |.V. dose of an antibacterial drug at a dose level 
of 6 mg/kg. Blood samples are taken at various time intervals. The concentration 
of the drug (C) is determined in the plasma fraction of each blood sample and the 
following data were obtained : 


Time (hrs) 0.25 0.50 1.00 3.00 6.00 12.00 18.00 


C (mg/ml 8.21 7.87 723 515 3.09 1.11 0.40 
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39. 


40. 


41. 


42. 


(a) What are the values of Vd, K and t1/2 for this drug ? 

(b) This antibacterial agent is not effective at a plasma concentration of less than 
2.5 mg/ml. What is the duration of activity for this drug ? 

(c) How long would it take for a 99% of this drug to be eliminated ? 


(d) If the dose of the antibiotic are doubled exactly, what be the increase in duration 
of activity. 


A new drug was given in a single intravenous dose of 300 mg to a 80-kg male. After 
4 hrs, the plasma concentration of drug is found to be 1.52 mg/100 ml. Assuming 
that the apparent Vd is 12% of body weight, compute the total amount of the drug 
in the body fluids after 4 hrs. What is the half-life of this drug ? 


A new antibiotic drug is`given in a single intravenous bolus of 4 mg/kg to 5 healthy 
male adults ranging in age from 23 to 38 years (average weight 75 kg). The plasma 
level-time curve for this drug fits into a one-compartment model. The equation of 
the curve that best fits the data is 

C = 78 e0.46t 


Determine the following (assume units of micrograms per milli liter for C and hours 

for t): l 

(a) What is the t1/2 ? 

(b) What is the Vd ? 

(c) What is the plasma level of the drug after 4 hrs? 

(d) How much drug is left in the body after 4 hrs? 

(e) Predict what body water compartment this drug might occupy and explain why 
you make this prediction ? 

(f) Assuming the drug is no longer effective when levels decline to less that 2 mg/ 
ml, when would you administer the next dose ? 


A single intravenous injection containing 400 mg of an antibiotic is given to an adult 
(58 years, 52 kg) for a specific injection. The elimination rate constant is 0.576 
hrt and apparent volume of distribution is 0.15 L/Kg. Assuming the drug is eliminated 
by first-order kinetics and may be described by a one-compartment model, calculate 
the following 


(a) The CO 
(b) The amount of the drug in the body at 6 hrs after the dose is given 


(c) The time for the drug to decline to 1.8 mg/ml (the minimum inhibitory 
concentration) 


A drug has an elimination half life of 4 hrs and follows first-order kinetics. If a single 
300mg dose is given to an adult male patient (68 kg) by I.V. bolus injection, what 
percent of the dose is lost in 24 hours ? 


www.webofpharma.com 


238 


43. 


44. 


Biopharmaceutics and Pharmacokinetics 


A drug has an elimination half-life of 8 hrs and follows first order elimination kinetics. 
If a single 600 mg-dose is given to an adult female patient (62 kg) by a rapid 1.V. 
injection, what percent of the dose is eliminated in 24 hrs ? Assuming the apparent 
volume of distribution, Vd is 400 ml/kg, what is the expected plasma drug concentration 
at 24 hrs postdose ? 

An antibiotic is administered to a male adult suffering from urinary tract infection 
by an I.V. bolus injection (300 mg). The patient is instructed to empty his bladder 
prior to being medicated and to save his urine specimens for analysis. The urine 
samples are analysed for drug content. The drug assays gave the following results 


Time (hrs) Amount of Drug in Urine (mg) 


0 0 
100 
26 


Assuming first-order elimination, calculate the elimination half-life for the antibiotic 
in this patient. 
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Multi-Compartment Models 


In one compartment open model, drug distributes only in the central compartment (i.e. 
blood and highly perfused tissue) and this distribution is assumed to occur instantaneously. 
Following I.V. bolus, if a drug distributes to some tissue which are not highly perfused with 
blood, the distribution of the drug to tissue may take a longer time to establish equilibrium 
between the central compartment and the tissue (Peripheral compartment). During this 
time the drug levels in the central compartment will fall because of two reasons. 1. Distribution 
of the drug from the central compartment to peripheral compartment 2. Elimination of 
the drug from the central compartment by all possible pathways of elimination. It means 
the decrease in drug levels in the central compartment can be described by biexponential 
equation. This part of the plasma level time curve is called distribution phase (Fig.7.1). 
Once an equilibrium is established between the amount of the drug present in the central 
compartment and that of the pheripheral compartment, a decline in the plasma level takes 
place mono exponentially. This decline is only because of elimination of the drug from 
the body and is called elimination phase (Fig.7.1). 


The more the number of peripheral compartments that will equilibrate with the central 
compartment at different rates, the more will be the exponentials in the equation that describe 
the plasma level-time curve. After equilibration of the drug within these peripheral tissues, 
the elimination of the drug follows first-order kinetics. 
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Distribution phase 


Elimination phase 


Log plasma drug concentration 


Time (hours) 


Fig. 7.1 Log plasma drug concentration-time curve for a single |.V. bolus administration of drug 


that follows a two compartment open model. 
A drug will concentrate in a tissue in accordance with the affinity of the drug for 


that particular tissue. For example, lipid-soluble drugs tend to accumulate in fat tissues. 
Drugs that bind proteins may be more concentrated in the plasma, because protein-bound 
drugs do not diffuse into the tissues. Drugs may also bind with tissue proteins and other 
macromolecules, such as DNA and melanin. 


7.1 


Two Compartment Open Model 


The following points should be considered in developing the equations for a two compartment 
open model : 


1. 


In this model, the drug distributes into two compartments, the central compartment 
(compartment 1) and the tissue or peripheral compartment (compartment 2). The 
central compartment consists of blood, extracellular fluid, and highly perfused tissues 
where the drug distributes rapidly. The tissue or peripheral compartment, contains 
tissues in which the drug equilibrates slowly. 


. Drug transfer between the two compartments is assumed to take place by a first- 


order process. 


. There are three possible types of two compartment systems (Fig. 7.2). They differ 


in that whether the elimination of the drug occurs from central compartment (Model 
1), peripheral compartment (Model 2) or both (Model 3). Model 1 is most often used 
and describes the plasma level-time curve observed in Fig. 7.1. Drug elimination 
is presumed to occur from the central compartment, because the major sites of drug 
elimination (renal excretion and hepatic drug metabolism) occur in organs such as 
kidney and liver which are highly perfused with blood. However, other models may 
be used if information about the elimination of a particular drug is known. 


. Elimination of the drug from the body is assumed to follow first order kinetics. 
. The concentration of the drug in a compartment is assumed to be uniform in its volume 


of distribution. 


. Two compartment model assumes that at t = 0 there is no drug in the tissue 


compartment. After an |.V. dose, drug levels in the tissue compartment will first 
increase, reach maximum and then decline (Fig. 7.3). 


www.webofpharma.com 


Multi-Compartment Models 241 


l 2 
Model I Central compart - Peripheral compart- 
ment ment 


1 2 
Model I Central compart - Peripheral compart- 
ment ment 


1 2 
Model I Central compart - Peripheral compart- 
ment ment 


Fig. 7.2 Possible models of two compartment open model. 


———> Plasma drug level 


——> Tissue drug level 


Time (hours) 


Fig. 7.3 Relationships between tissue and plasma drug levels for a two compartment open 
model following intravenous injection. 


7.1.1 L.V. Bolus - Uncharged Drug in Blood/plasma 


In practice, samples of blood are taken from the central compartment at different time intervals 
and analyzed for the drug content. The drug plasma level-time curve represents an initial 
distributive phase, during which the drug is diffused into the peripheral compartment till 
an equilibrium is attained, followed by an elimination phase during which the drug elimination 
can be described monoexponentially. 
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Scheme : 7.1.1 


l 


Central 
compartment 


Peripheral 
compartment 


X, 
Where : 
X0 = 1.V. dose given as bolus 
Xc = Amount of the drug in the central compartment at any time (compartment 1) 
Xt = Amount of the drug in the tissue compartment at any time (compartment 2) 


X, = Amount of drug eliminateá to time t. 


Vc = Volume of distribution of drug in the central compartment 

Vt = Volume of distribution Of the drug in the tissue compartment. 

C = Concentration of the drug in the central compartment at any time 
Ct = Concentration of the drug in the tissue compartment at any time. 


The rate constants K,, and K,, represent the first-order rate transfer constants for 
the movement of the drug from compartment 1 to compartment 2 (K,,) and from compartment 
2 to compartment 1 (K,,). The transfer constants are some times called microconstants, 
and their values can not be estimated directly. K}, is the elimination rate constant (sum 
of all rate constants involved in the elimination of the drug from the central compartment). 


Equations that describe the time course of drug concentration in the central 
compartment and tissue compartment following I.V. bolus can be developed as described 
below. 


According to mass balance equation, 
XO = Xc+Xt+X, 7.1 


The rate of change in the amount of the drug in central compartment is the net balance 
of rate of input (K,, Xt) and output (K; Xc and K,, Xc). 


dXc _ 

“a Ky, X- Ky XC - Ki XC 7.2 
dXc i 

F3 = Ka Xt - (Ky. + Ky) XC 7.3 


The differential equation describing the rate of change of drug levels in tissue 
compartment is 


dXxt _ 
The rate of elimination of drug from central compartment is given by, 
dX, 
a K,, Xc 7.5 
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Integrating Equation 7.5 between t = 0 and t = t, we get 


t 
~ X = Kyg Ixc.at 
0 


Substitute the X, value in Equation 7.1. 


t 
XO = Xc + X, + Ky, [Xe at 
0 


Re-write the Equation 7.7 for X, 


t 
X, = X0- xe -Ky f Xc dt 


Substitute the value of X, in Equation 7.3. 


x, = K,, (XO - Xc - Ky, fxe dt) - (Ky. + K43) Xc 
Differentiating Equation 7.9 with respect to time, 

a = Koy (0 - = - Kig XC) - (Kiz + Kya) Se 

de = Koy ve ~ Koy Kyg Xe - (Kiz + Kia) = 

ae = - (Ka+ Ky + Kag) ws - Ko, Kyg Xe 

ee + (Ko, + Kia + Kia) X + Ka Ki Xe = 0 


Let us define that = 
Ky, + Ki, +K = at b 
and Ky, K,, = ab 
2 


“Gre t (a +p) SE + ap Xe = 0 


Now, at? 


243 


7.6 


7.7 


7.8 


7.9 


7.10 


7.11 


7.12 


7.13 
7.14 


7.15 


Equation 7.15 is in the form of a quadratic equation a x? + bx +c = 0. Therefore, 


integration of Equation 7.15 yields a biexponential curve in the form of, 
Xc=A emits B’ emt 
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The constants m, and m, are roots of the quadratic equation. The roots of the 
quadratic equation 7.15, can be calculated using the equation. 


—b+b? - 4ac 
m, or m, ae a 7.17 


m, or m, of Equation 7.15, 


- -a+B+ty(a +B -4aß 


2 
_ -a+B+y(a-py 
2 
-a-B+(a-8) 


another root is 


Let us define that a > B, now. 
Xc = A ett + Bett 7.18 
Equation 7.18 describes, the amount of the drug in the central compartment time 


data. The values of A’ and B’ have to be found to get an equation that describes the 
time course of drug levels in the central compartment and tissue compartment. 


Differentiating Equation 7.18 with respect to time. 


dXc 

aT aA et -pB ett 7.19 
At time zero, t = 0 and the Equation 7.19 becomes. 

dX 

ro = aA e-ßB.e? = -aA -$B 7.20 
According to Equation 7.3, 

dXc 

"a Ky, Xt - (Ky. + Ky) XC 
At t = 0, X,.will be equal to zero and Xc is nothing but I.V. dose, XO and hence, 

dXc 

“a7 0 - XO (Ky, + Kia) = - XO (Ky. + Kia) 7.21 
Now, equating equation, 7.20 and 7.21 is 

- aA’ - BB’ = -X0 (K,, + Kia) 7.22 
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But according to Equation 7.18 
Xc = A ett +B ett 


Att = 0, X0 = A+B’ 7.23 
Hence, A’ = X0 - B’ and B’ = X0-A’ 7.24 
Substituting the value of A’ in Equation 7.22 
- a( X0 - B’) - BB’ = -X0 (Kj, + Kiz) 7.25 
Solving Equation 7.25 for B’, we get 
B = X0 (a -K -Ky3) 7.26 
( -B) 


The assumption made as per Equation. 7.13 is that 
(a + B) = Ka + Ky + Ki 


Therefore, Ky, - B = a - Kiz - Kiz 7.27 
Substituting (K,, - B) in place of a-K,, - K,, in Equation 7.26 
X0 (Kz, -B) 
b= 7.28 
(a -B) 
Substituting A’ = X, - B’ in Equation 7.22, A’ value can be derived 
X0(a-K>) 
tka a 7.29 
(a-p) 


Substituting A’ and B’ values in Equation 7.18, we get 


XO(@-Ka) cat, X0(Ka-B) opt 
(a-b) (a-p) 
Although the drug concentration in the central compartment is obviously not 
homogeneous, by assuming that the ratio of drug concentration in the various tissue and 
plasma is constant, a linear relationship exists between the drug concentration in plasma 
and the amount of the drug in the central compartment. 


Xc = Ve. C 7.31 


Where, Vc is the apparent volume of distribution of the drug in the central compartment. 
This relationship enables the conversion of Equation 7.30 from amount-time to a 
concentration-time equation, which can be expressed as, 


X0 (a-K,)) -at X0 (Kz -B) eft 


Xc = 7.30 


C= Vc (a-B) ect + Vc(a-B) 7.32 
or in simpler form, 

C= Aett+ Bett - 7.33 
where A= Ve (a-B) and B = Ve (a-p) 7.34 
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A plot of the logarithm of plasma drug concentration versus time according to Equation 
7.33 will yield a biexponential curve. The constant a is by definition larger than b and 
hence, at some time, t the term A.e will approach zero, while B.e7* still has a definite 
value. It mean after the distribution phase, the equation 7.33 reduces to 


C =B eft 7.35 

or log C = log B - Bt / 2.303 7.36 

Equations 7.35 and 7.36 describe the plasma drug-level time data during the elimination 
phase. 


A plot of the log plasma drug level versus time can be used to estimate various 
pharmacokinetic parameters as shown in Fig. 7.4 An estimate of b can be made from 
the slope of the terminal linear portion (Slope = -Bt/ 2.303) and the biological half-life 
(t,,2) can be determined employing the following relationship. 


tio = 0.693/8 7.37 


Elimination phase 


Residual line elope =api2 008 
Slope = -a/2.303 


Log B 


Log drug concentration 


Time (hours) 
Fig. 7.4 A plot of log plasma drug concentration versus time. The rate constants and intercepts 
are determined by the method of residuals. 


The zero time intercept obtained by extrapolation of the terminal linear phase is log 
B. Application of the method of residuals may be carried out by subtracting the plasma 
drug level on the curve from the plasma drug level on the extended line at the same time 
point to obtain residual concentration-time data. A plot of residual concentration versus 
time gives a residual line with a slope = -a/2.303 and an intercept = log A. 


The constants A, B, a and b may be obtained graphically as explained above or 
with the aid of a digital computer. Once these experimental constants are obtained, the 
pharmacokinetic parameters, Vc, K,,, K,, and K,, can be generated by considering the 
following relationship. 


1. Ve 


y, =CO=A+B 7.38 


Therefore, Ve = Aah = CO AB 7.39 
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2. Ky, 


_ X0(a-K,,) XO _ 
We know that A= Ve (a-B) but Vo = A+B 
A = (A +B)(a-K,,) 7.40 
(a-p) 
Solving Equation 7.40 for K,,, we get 
Ba + AB 
2 = AGB 7.41 
3. K 
By definition aB = Ky4K,,, 
or K,, = aB/K,, 7.42 
Substituting K,, value in Equation 7.42, we get 
„ = A+B)og as 
(Ba + Ag) 


4. Kj, : By definition (a + B) = Kiz + Ky, + K,,. Substituting K,, and K,, values in 
the above equation and solving it for K,, we get 
AB(a +B) 


a (A +B)(Ba + AB) 


7.44 


Drug levels in tissue or peripheral compartment 


The differential equation that describes the rate of change in the amount of the drug in 
the tissue compartment is, 


dXt 
Te Kj, Xc - Ky, X, 7.45 
dXt 
i + Ka X = Ky. Xe 7.46 
But we know that: 
X0(a-K ) X0 (K; -B) 
Ve (a. -B) (a -B) 
X0 -at -Bt 
or ` Xc = G-p) [(a - Kz) en + (K,, - B) eP4 7.47 
Substituting Xc in Equation 7.46 : 
dXt KX 
st Ka MF Gp) [(a-K,,)e* + (Kp, - B) et] 7.48 
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Multiplying both the sides of Equation 7.48 with eK2"t 


dXt K X0 
` eK2ít K2it = 2 
7s + Kya X e (a -B) 
[(a-K,)etoK2t + (K,, - B) eB Kent 7.49 
Integrating the Equation 7.49 between t = 0 tot =t, 
ea Ky. X elon K21)t l 
Xt eK?! = {((a-Ky4) (~7— +7) + 
(a-B) 5) - -(a -Kz) (a - Ka) 
K oe } 7.50 
(K3 - B) (~m )] . 
a -@-K») Ka) (p- aay 
Further simplification of Equation 7.50 yields, 
Ky. X0 
= “Bt. eat 51 
Q- p) (e ect) 7 


Equation 7.51 describes the time course of the amount of the drug in the peripheral 
compartment following |.V. bolus. It is obvious from Equation 7.51 that after a 
sufficiently long time (post distribution phase), the term et approaches zero and Equation 
7.51 reduces to, 


K,, X0 
X, = e 5) eft 7.52 


Hence, the slope of the terminal exponential phase equals to - b/2. 303. Therefore, 
in the post distribution phase the plasma and tissue compartment levels decline in parallel. 
Fig. 7.5 depicts the drug levels in two compartments after an |.V. injection of the drug 
and the influence of the distribution of drug. 


DRUGI DRUGII 


Amount Central compartment Central compartment 
of drug 


Cn’ 


Time Time 


Fig. 7.5 Drug levels in central and tissue compartments-time curves. Drug 2 is having more 
affinity to tissue compartment than Drug 1. 
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Equation 7.51 may be useful in determining the relationship between pharmacological 
action and the tissue levels of the drug. It must be kept in mind, however, that such 
relationships are only approximations. The hypothetical “tissue” levels of a drug may not 
accurately reflect the concentration of the drug at the site of action even though the site 
of action may be a part of the tissue compartment. 


It is assumed that the drug in the tissue compartment distributes uniformly in its volume 
of distribution, V,, then Equation 7.51 can be written in concentration terms. 


t vt (a-8) 


Apparent Volumes Of Distribution 


(eft - eet) 7.53 


Even though the volume of distribution is fictive, it provides not only some insight into 
distribution but also importantly relates to the rate of clearance of the drug from plasma. 
In multiple compartments we may consider mathematically hypothetical volumes, such as 
the volume of the central compartment and the volume of the tissue or peripheral 
compartment. 


In a two-compartment open model, the determination of the volume of distribution, 
Vd is complicated by 1. the slow attainment of a distribution equilibrium; and 2. the volume 
of distribution is changing continually during the distribution phase. 

Hence, Vd should be estimated by such methods that cancel the distributive factors 
or Vd should be estimated during the post distribution phase. There are several volumes 


of distribution that may be considered for a drug that follows a two compartment open 
model. 


Volume of Distribution of the Central Compartment 


The Volume of distribution of the central compartment, Vc, is an important parameter to 
understand distribution pattern of the drug in the body, to estimate drug clearance and 
to describe the time course of plasma drug levels because the central compartment is 
usually the sampling compartment. 


At time zero, the total drug injected is in the central compartment. Hence Vc is the 
ratio of 1.V. dose and plasma drug concentration at t = 0 i.e., CO. 


Vc = |.V. Dose / CO 7.54 
CO, can be estimated from equation 

C=Ae*t + Bet att =0 

Co=A+B 7.55 
Therefore, Ve = X0/A+B 7.56 


A and B are estimated from the plasma drug level - time graph by the method of 
residuals. 


Alternatively, the volume of the central compartment may be calculated from [AUC],* 
in a manner similar to the calculation for the apparent Vd in the one-compartment model. 
For one compartment model, 
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[AUC] = XONd K 7.57 
In contrast, [AUC],* for a two-compartment model is 
[AUC],* = X0/K,, Ve 7.58 
Rearrangement of this equation yields 
vese 7.59 
Kı, [AUCh* 


Apparent volume of distribution at steady state 


The apparent volume of distribution at the steady state V}55, is equal to the total drug 
in the body at the steady state divided by the plasma drug concentration at that time. 
Total drug in the body at steady state 

Plasma drug concentration 


Total drug in the body = Amount of the drug in the central compartment (Xc) + Amount 
of drug in the tissue compartment (Xt). 


ss = 
Va 


Xc+ Xt 
C 


At steady state condition the rate of drug entry into the tissue compartment from 
the central compartment is equal to the rate of drug exit from the tissue compartment into 
the central compartment. This steady-state condition may exist for a moment, theoretically, 
following |.V. bolus. Hence, at the steady state condition. 


Therefore, Vas = 7.60 


K,. XC = K,, Xt 7.61 
Kj. Xc 
Xt = ——_ 7.62 
Ky, 
but Xc = Ve. C 7.63 
Therefore, 
Kia VeC 
Xt = “K 7.64 
21 


Substituting Xc and Xt in Equation. 7.60 
VeC+(Kp VeC)/K>, 


V = Ve + 
d c C 


7.65 


which reduces to V45 = Vc + T Me 7.66 
Equation 7.66 is useful in calculating V455, Which is a function of transfer constants, 


K,, and K,,, which represent the rate constants of the drug into and out of the tissue 
compartment, respectively. 


www.webofpharma.com 


Multi-Compartment Models 251 


Volume of distribution by area 


In this method, the value of B is used to calculate the volume of distribution V,°. The 
designation V}? indicates the method of calculation. The rationale for the method is the 
valid assumption that plasma and tissue concentrations decline in parallel during the post 
distributive phase. It means that the distribution ratio of the drug between the two 
compartments is constant during the elimination phase. Therefore, total body clearance 
(V,°. B) is equal to drug clearance from the central compartment (Vc. K,,). 


Val B = Ky, Ve 7.67 
K V 
Vex 2 7.68 
B 
The method is shown to yield the same values for Vd as one based on area. 
varea i ae = so. z= Va 7.69 
[AUC] B[AUC], 


[AUC],* can be obtained by integrating the equation C = A e*t + B eft with respect 
to time between the limits of t = 0 and t = ; 


x 


Í canl asel eft 
0 0 


0 


[AUC],* = A (0 + 1/a) + B (0 + 1/8) 


[AUC],* = A/a + B/B 7.70 
X0 
yara = — ^" 71 
g B (A/a + B/B) 4 
This method can also be applied for extravascular administration of drugs. 
yaan FXO 13 
B[AUC]," 


Where F = fraction of the dose absorbed. 
Volume of Distribution by Extrapolation (V,°*P) 
The extrapolated volume of distribution V}®? is calculated by the following equation 


X0 
yee 7.73 


Where B is the intercept of Y-axis obtained by extrapolating the terminal linear portion 
of the log drug plasma level-time graph. 
X0 oa B) 
But Be 
Ve(a -B) 


Substituting B values in Equation 7.73, we get. 


according to Equation 7.34 
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(a8) 
: 7.74 
(Ka-8) 
The equation shows that a change in the distribution of a drug, which is observed 


by a change in the value of Vc, will be reflected in a change in V,°*?. The method does 
not take into account the effect of the process K,, to limit the size of the tissue compartment. 


Vex = Vc 


Significance of the volumes of Distribution 


The value of V,?'e@ or V,° are the most correct approximation of Vd to apply to the post 
distribution phase. V,?"? and V, are affected by changes in the overall elimination rate 
and by changes in total body clearance of the drug. After the drug is distributed, the 
total amount of the drug in the body during the elimination phase is calculated by using 
Vaf. 

In contrast, V45s is not affected by changes in drug elimination. V,°° reflects the true 
distributional volume changes and not changes due to drug elimination. The volume of 
distribution of central compartment, Vc, is useful in the calculation of drug the clearance. 
V4? over estimates the volume of distribution of drug. By magnitude, these volumes of 
distribution rank as follows: 

Vy? > VAR or Vab > VS > Ve 


Clearance 


The definition and concept of clearance can be found in Chapter 3. The definition of clearance 
applies whether the elimination occurs in one or multi-compartment system, hence, clearance 
is model independent. However, mathematical identities of clearance do depend on the 
model. 


“In a two compartment model, the elimination rate constant (K,,) represents the 
elimination of the drug from the central compartment, where as B represents drug elimination 
from the entire body after the diffusable drug has established an equilibrium. Hence, total 
body clearance, CL, is given by 


B V 7.75 
1. V.dose 
area a — 
But Va (A/a +B/BB 
X0 
Therefore, CL, = A 7.76 


(A/a+B/8)B' Ê ~ Ara+B/B 


However, if the elimination of the drug occurs only from the centra! compartment, 
the product of the volume of central compartment, Vc, and the elimination rate constant 
gives the total clearance. 

Cl, = Ve. Kj, 7.77 
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7.41.2 LV. Bolus - Unchanged Drug in Urine 


It is possible to obtain pharmacokinetics of a drug from urinary excretion data that follows 
a two-compartment open model following an I.V. Bolus. The elimination of the drug from 
the body in such cases is by the parallel renal and extra-renal elimination processes. 


Scheme 7.1.2 
2 
Xt = Vt. Cy 
Where: 


Ke = Urinary excretion rate constant for unchanged drug. 
Ky = Sum of the rate constants of all the processes involved in the elimination of 
drug other than renal excretion. 
Xu = Cumulative amount of the unchanged drug excreted in urine to any time. 
Xy = Cumulative amount of drug eliminated by all other routes other than renal to 
any time. 
All other symbols are as defined previously. The over all elimination rate constant 
from the central compartment, K,, is the sum of the individual rate constants which 
characterize the parallel elimination processes. 


Ki, = Ke + Ky 7.78 
The excretion rate of an unchanged drug, dXu/dt can be defined as 
dXu/dt = Ke Xc 7.79 
But we know from Equation 7.30, that 
X0 


Xc = (0-8) [(a - K,,).e + (Kz; = p).e2t] 


Substituting Xc value in 7.79 


Ke X0 
dXu/dt = ei [a - Ky,).e + (Kz; - B).eY 7.80 
Ke X0 Ke X0 
Boe (a- Ogee E -Bt 
or dxuat = Cay (0. Kadet gap (Kar Pe 7.81 
or dXu/dt = A” e*t + B” est 7.82 
where A” = Ke XO(a-K,,)/a. - B) and B” = Ke X0(K>,-B)/a - B) 7.83 


dXu/dt is the instantaneous rate of excretion of the drug, which can not be determined 
experimentally. Hence, instead of dXu/dt, the average excretion rate, AXu/At, is used. 
AXu/At approximates dXu/dt if the sampling intervals are short. 
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Therefore, AXu/At = A” eo! + B” eft 7.84 
t= mid-point of urine collection period. 


Because a > 8, after some time following an I.V. bolus administration, the 
term e*t will approach to zero while the term e** still have a finite value and the equation 
reduces to, 

AXu/At = B” et 7.85 


It means after some time (after distribution phase) the biexponential equation 7.84 
will be reduced to a monoexponential equation. Equation 7.85 describes the rate of urinary 
excretion of the drug during elimination phase of the plasma drug level-time plot. 


A semilogarithmic plot of average excretion rate (AXu/At) versus time, according to 
Equation 7.84 will yield a biexponential curve. B can be obtained from the slop (-8/2.303) 
of the terminal linear phase and B” is obtained by extrapolating the linear phase line to 
time zero (Fig. 7.6). Application of the method of residuals will yield a second linear segment 
with a slope of -o/2.303 and zero-time intercept of A”. 


> 


Terminal linear portion 


Slope = -B/2.303 


"Slope = -a/2.303 
Residual line 


Urinay excretion rate (Ax /At) 
w 


Time (hours) 


Fig. 7.6 Semi-logarithmic plot of urinary excretion rate versus time for a drug that follows two 
compartment open model following I.V. Bolus. 


it must me emphasized that the slope of the terminal linear portion of the plot of 
log (AXu/At) versus t’ is a function of the overall elimination rate constant B, and not of 
the urinary excretion rate constant, Ke. However, Ke can be calculated once the experimental 
constants A”, B”, a and B are determined. 


Taking the sum of A” and B” and expanding. 
wame Ke X0(a-K,,) A Ke X0(K,, -B) 
(x -B) (a-p) 
_ KeX0a-Ke X0K,, +Ke X0K,, -Ke X0B 
(x -B) 


Ke X0(a-B) 
A” + B” = 
(a-p) 
A” + B” = Ke XO 7.86 
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A"+B" 
X0 
Therefore, knowing the intravenous dose, A” and B”, the urinary excretion rate constant 
of the unchanged drug can be determined. The other pharmacokinetic parameters K,., 
K,, and K,, can be calculated with the following equations. 


Ke X0 


Therefore, Ke = 7.87 


oe ep) Sa 
B" 
Therefore, K,, = Blas) +B 7.88 
B" A" 
or Ky; = vane 7.89 


Since Ke X0 = A” + B” 
Similarly we can get, 
ap (A"+B") 


Kus a 7.90 
or K,. = (a + B) - K,, - Ky, 7.91 
Since, (a + B) = Kiz + Ki + Ko, 


Rena! Clearance 


To obtain a renal clearance for a drug demonstrating two compartment kinetics with 
metabolism and excretion, the following equation is used. 
CL, = Ke Vc 7.92 


For many drugs the total amount of the unchanged drug, X,,“, excreted in urine may 
be obtained by direct assay of urine samples. The ratio of X,* to the I.V. dose (in case 
of extravascular administration, fraction of dose absorbed, (F X0) is equal to the fraction 
of the drug excreted unchanged in the urine. 

Fraction of the drug excreted unchanged in the urine = 

x," 
XO 7.93 

By integrating Equation 7.80 between limits of t = 0 to t = «, and simplifying the 
resultant equation, 


fe = 


f axu = [(KeX0)/(a - B)] x [(a - K,,) . emt + (K,, - B). ett 


KeK,, X0 
ir 
r a 7.94 
But aß = K,,K,, 
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< . KeK,,X0 — KeX0 
Therefore, X = KeK Ke 7.95 
Substituting X,* value in Equation 7.93, 
KeX0 1 _ Ke 
“Ky X0 Ky 
Therefore, ‘fe’ is nothing but the ratio of Ke to K,, 


Renal clearance may be determined from the fraction of the unchanged drug excreted 
in the urine and the total body clearance, CL,. 


fe = 7.96 


CL, = fe. CL, 7.97 
or CL, = = CL, 7.98 
Ki; 


Total body clearance of the drug can be obtained using Equations 7.99 and 7.100, 
depending on the elimination processes involved in drug elimination. 


CL, = Kj, Ve 7.99 
or CL = B.V 7.100 


7.1.3 L.V. Infusion - Unchanged Drug in Blood / Plasma 


Drugs are administered by !.V. infusion to maintain drug levels in plasma for a desired 
time. Plasma concentration of the drug versus time data of certain drugs can not be explained 
with a simple one compartment open model. Many drugs given by I.V. infusion follow two 
compartment kinetics. Plasma drug levels increase slowly to a stable level following an 
ILV. infusion. The time needed to reach a steady-state blood level depends entirely on 
the half-life of the drug. This point has been explained under one-compartment model. 


Scheme 7.1.3 


> 2 
~ Xt=Ve. Ct 


Where, KO is the constant infusion rate (mg/hr). The rate of input is a zero order 
process. Three important processes are to be considered in deriving an equation that 
describes the plasma drug level-time profile following 1.V. infusion. 


1. Input: Drug is infused at a constant rate, KO. The zero-order kinetics govern this 
process. 


2. Distribution of Drug: The drug entering the central compartment is distributed to the 
tissue compartment till the steady state is reached. 
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3. Elimination of Drug: Drug in the central compartment is eliminated by an apparant 
first order process. 


The net result of the above processes is that the drug level builds up slowly in the 
body till a steady-state level is reached. 


The rate of change of the drug level in the central compartment is given by 


dc 


a” KO + K,, Ct - (Kiz + Kia) C 7.101 
Solving Equation 7.101 for drug concentration in blood, we get 
KO (K; -B) (a-K,;) 
C= [1 - „et. S| et] 7.102 
Vek; (a-8) (2-8) 


Equation 7.102 describes the time course of drug concentration in plasma with I.V. 
infusion. At the steady-state, i.e., when t = œ, Equation 7.102 reduces to 


KO 
Vc K,3 


Equation 7.103 can be rearranged to give an equation which can be used to calculate 
the infusion rate required to attain the desired Css. 


KO = Css. Ve. Kj, 7.104 


Hence, using the mean values of the terms in the right hand side of equation 7.104 
from the literature, the required infusion rate can be calculated. If the infusion is stopped 
after attaining the steady-state level, the fall in the drug plasma levels can be described 
by a mono exponential equation (Fig. 7.7). 


7.103 


Css = 


C = Css. eft 7.105 
KO 
= -Bt 
or C T e 7.106 


Steady state 


Post-infusion phase 


Plasma level 


Time (hours} 


Fig. 7.7 Drug levels in central and tissue compartments-time curves. Drug 2 is having more affinity 
to tissue compartment than Drug 1. 


www.webofpharma.com 


258 Biopharmaceutics and Pharmacokinetics 


7.1.4 Infusion Plus Loading Dose - Unchanged Drug in Blood/Plasma 


The time needed to reach a steady-state level with I.V. infusion alone is too long. It is 
desirable to rapidly attain the steady state in many pharmacokinetic studies, such as renal 
clearance studies, as well as in the therapy of certain diseases. Hence, a loading dose 
to attain the steady-state level is given and |.V. infusion is started simultaneously to maintain 
the steady-state level. For drugs that follow a one compartment model, rapid I.V. injection 
(loading dose) and a simultaneous |.V. infusion will establish the steady-state level 
“instantaneously”. The plasma concentration of the drug would be the same from time 
zero upto the time the infusion ceases. But, for drugs that follow a two-compartment 
pharmacokinetic model, the drug distributes slowly into the extravascular tissues. Thus, 
the equilibrium between the drug levels of the central compartment and that of the tissue 
compartment is not immediate. Therefore, rapid |.V. injection of a loading dose results 
in high plasma drug levels initially, which decrease slowly to a steady-state level. Therefore, 
a loading dose produces an initial blood level either slightly higher or lower than the steady- 
state blood level depending upon the loading dose administered (Fig.7.8). 


Plasma drug level 


Time (hours) 
Fig. 7.8 Plasma drug concentration after various loading doses and constant infusion for a drug 
that follows a two-compartment open model. 1. Without loading dose; 2. Loading dose less than 
Css Vc; 3. Loading dose equal to Css Vc. 


In practice loading dose is calculated by rearranging the Equation 7.103. 


KO 
Loading dose = Css. Vc. = K. 7.107 
13 
The differential equation for !.V. infusion is given by, 
dc 
w KO - (K,, + K,,)C + K,, Ct 7.108 


The equation that describes the plasma drug level-time data can be obtained by 
the addition of equations that describe |.V. bolus and I.V. infusion cases individually. 


= xo ; a i KO 
a Vc (a-B) Ito Ka) p (Kor Braces Ve Ki; 
[1 - KiB) gat. @-Kus) et] 7.109 


(a-p) ` (a-B) ` 
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7.1.5 Oral route of administration - Unchanged drug in Blood/Plasma 


It is possible to estimate various pharmacokinetics of a drug that follows a two-compartment 
open model after an extravascular administration of the drug. 


Scheme 7.1.5 


> 2 
~ Xt=Ve. Ct 


XO 


Where, Ka is the first order absorption rate constant and all other symbols are as 
defined earlier. After an extravascular administration into a two compartment system, there 
are three first-order processes occurring simultaneousl: absorption, distribution and 
elimination. 


As long as the drug enters the central compartment by absorption process, it undergoes 
distribution and elimination simultaneously. After the cessation of absorption, distribution 
process occurs for some time till an equilibrium is established, after which only the elimination 
of the drug occurs. It means the plasma concentration of the drug depends initially on 
three processes (three exponentials), then on two processes of distribution and elimination 
(two exponentials) and finally on elimination process only (mono exponential). 


The equation that describes the time course of drug concentration in the central 
compartment is given by 


C = A.et + B, eft - CO eka 7.110 


At time zero, 0 = Ae® + Be - CO e = A+B-CO 7.111 
or A+B=CO 7.112 
_ X0 (@-Ka) _ X0 Ka-b) 
Where, Ve (a-p) and B = Ve (a-p) 
If ‘F’ is the fraction of the dose absorbed, then 
_ FXO (a-Ky) 
A= Ve (a-p) 7.113 
_ FXO (Ky -8) 
B= Vo a-p) 7.114 


According to Equation 7.110, semilogarthmic plot of plasma drug concentration versus 
time gives a complex curve which is triexponential initially, becomes biexponential after 
‚some time (post absorptive phase) and finally gives a straight line (after distribution phase) 
whose slope is equal to -b/2.303 (Fig. 7.9). The method of residuals is used to resolve 
the exponents. The steps involved are summarized below (Fig. 7.9). 
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Slope = -B/2.303 


Slop First residual line 


Secohd residual line *—" Slope = -a/2.303 


Time (hours) 


Fig. 7.9 Resolution of absorption, distribution and elimination components of a drug concentra- 
tion-time curve of a drug with two-compartment kinetics by method of residuals. 


4. Plot plasma drug level-time data on a semilogarithmic graph. 

2. Locate and extend the terminal linear portion of the curve, to cut Y-axis. The slope 
of this tine is equal to -B/2.303 and the intercept = B. 

3. Apply the method of residuals between the actual curve and extended line to obtain 
the first residual concentration - time data. Plot the first residual concentration-time 
data on the same graph paper. The slope of the terminal linear portion of this curve 
is equal to -o/2.303. Intercept obtained by extending this line is equal to A. 

4. A second residual line representing the absorption phase is obtairied by substracting 
the absorption segment of the first residual curve from the extrapolated line to give 
the second residual line slope -Ka/2.303 and intercept CO. 


By this way, the parameters a, B, Ka, A, B and CO are estimated. Other 
pharmacokinetic parameters can be calculated using the equations described under l.V. 
bolus. This method is not useful for the formulations that release the drug slowly. 


It should be remembered that in order to resolve the data by the method of residuals, 
sufficient data points should be present in all the phases of drug absorption, distribution 
and elimination. 


Determination of Ka by Loo-Riegelman Method 


Loo and Reigelman method is useful in determining the absorption rate constant, Ka from 
plasma concentration-time data of a drug that follows a two compartment model. The percent 
of drug unabsorbed versus. time plot is utilized in this method. The main advantage of 
this method is that there is no limitation on the order of the absorption process. The main 
disadvantage of this method is that it requires the plasma concentration time data after 
I.V. bolus and oral administration to obtain all the necessary kinetic constants. 
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The amount of the drug absorbed following oral administration of the drug that follows 
a two compartment model is equal to the sum of the amounts of the drug in the central 
compartment (Xc), tissue compartment (Xt) and the amount of the drug eliminated by all 
possible routes. 


Ab = Xc + Xt + X, 7.115 
However, the terms in Equation 7.115 can also be expressed as: 
Xc = Ve. C 7.116 
Xt = Vt. Ct 7.117 
t 
X, = Ve.K,, J C.dt = Ve K,, [AUC],! 7.118 


Substituting the values of Xc and X, into Equation 7.115, we get 
Ab = Vc.C + Xt + Vc K,, [AUC], 7.119 
Dividing Equation 7.119 by Vc, we obtain 


Ab Xt 
Ge 5 C+ Ze + Kis (AUCH! 7.120 


Setting the value of t = «, this equation becomes 


Ab” 
Ve 


= 0 +0 + Kj, [AUC]! = K,, [AUCI" 7.121 


Where, Ab* is the amount of the drug that will be ultimately absorbed from the dosage 
form. It means that the ratio of Ab“ to the dose is the fraction of the dose absorbed, F. 


F = Ab* / X0 7.122 


‘The fraction of the dose absorbed at any time in comparison with Ab“ can be obtained 
by dividing the Equation 7.120 by Equation 7.121. 


Ab C+Xt/Vc+K,,[AUC],' 
= L M ult lo 7.123 
Ab Kj3[AUC]9 


Ab _ C+Xt/Vc+K,3[AUC],' 
Ab* K,3[AUC])" 


or 7.124 
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Where, Ct = Xtc = apparent tissue concentration, A plot of the fraction of the 
dose unabsorbed [1-(Ab/Aba)] versus time gives a straight line with the slope -Ka/2.303 
from which the value of the absorption rate constant is obtained (Fig. 7.10). 


+.) Slope = -Ka/2.303 


Fraction of drug unabsorbed 
[1(Ab/A¥] 


Time (hours) 


Fig. 7.10 A plot of the fraction of the drug unabsorbed [1-(Ab/Ab*)] versus time used to deter- 
mine the absorption rate constant by Loo-Riegelman method for a drug that follows a two- 
compartment model. 


The values of C and K[AUC],' can be obtained from the plasma drug level versus 
time plot. The values for Ct can be approximated by the Loo-Riegelman method using 
equation. 


(Ct), = Kyp AC At 


+ Ko (C) t4 (1 - eK2taty 
Ka 


+ (Ct) t4 €1214t 7.125 
where 
Ct = Apparent tissue concentration 
tn = Time of sampling for sample n 
Lo = Time of sampling for the sampling point proceeding sample n 
(C) t,., = concentration of drug at central compartment for sample n-1 
AC = Concentration difference at central compartment between two sampling 
times. 
At = Time difference between two sampling times. 


For example, plasma is sampled at times zero and t = 0.5 hours, and corresponding 
concentrations of the drug in the central compartment are zero and 2 ug/ml. 


Then, (Ct), = 2 ug/ml and (C)pn.4 = 0, AC = 2 pg/ml, At = 0.5 hours 


As mentioned previously, the drug must be administered intravenously for the 
estimation of distribution and elimination rate constants. Then only the estimation of 
absorption rate, can be made by Loo-Riegelman method. ’ For drugs that can not be given 
by I.V. route, Ka can not be calculated by the Loo-Riegelman method 
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Method of “Inspection” in comparing the absorption rate of drug from different 
dosage forms 


When the aim of a study is to know whether the absorption rates of a drug from different 
formulations are the same or different, the method of inspection may be sufficient. There 
is no need to calculate absorption rate constants accurately for this purpose. The peak- 
time (to) in the plasma concentration versus time curve provides a convenient measure 
of the absorption rate. For example, when different formulations containing the same drug 
are all found to be absorbed completely and all give plasma peak at the same time, it 
can be safely concluded that drug absorption from all the formulations is at the same rate. 


Significance of Absorption Rate Constant 


Many processes contribute to the overall absorption process of a drug given by oral route. 
For example, a tablet is administered orally, it has to undergo processes such as 
disintegration, dissolution before the drug is available for absorption. Biological factors 
like G.I. motility, pH, blood flow to the GIT, and transport of the drug across the capillary 
membranes and into the circulation also influence absorption process. The rate of drug 
absorption is the net result of all the processes mentioned above. 


The drug absorption process may be zero order, first order, or a complex process 
that can not easily be quantitated. For many dosage forms that release a drug immediately, 
the absorption process is first order due to the physical nature of drug diffusion. The 
certain control-released drug products, the rate of drug absorption may be more appropriately 
described by the zero order rate constant. 


The estimation of Ka is useful in designing a proper multiple-dosage regimen. Prediction 
of peak and trough plasma drug levels following multiple dosing of a drug is possible if 
Ka and K values are known. 

7.1.6 Oral Route of Administration - Unchanged Drug in Urine 
Scheme 7.1.6 


> 2 
~ Xt=Ve. Ct 


Where Ke is the urinary excretion rate constant and Xu is the cumulative amount of the 
drug excreted in urine, while Ky is the sum of elimination rate constants of all the processes 
involved in the elimination of drug other than renal route and Xy is the cumulative amount 
of the drug excreted by other processes. All other terms are as defined previously. The 
elimination rate constant, K,, is the sum of Ke and Ky. 


K,, = Ke + Ky 7.126 
The rate of appearance of unchanged drug in urine is given by: 
dXu 


www.webofpharma.com 


264 Biopharmaceutics and Pharmacokinetics 


but Xc = Vc.C, therefore 
dX 


— =KeVc.C 7.128 
dt 


Where, Ke Vc is the renal clearance of the drug. According to Equation 7.110 
C = A.e*t+ B eft - CO -eKoat 
Substituting for C in equation 7.128, 


dX 
= Ke Vc.A. e%t+ Ke Vc. B eft - Ke Ve CO eX*! 7.129 
dX 

ar ri = A e%t+ B eft- CO eKot 7.130 


dXu/dt is known as an instantaneous rate of excretion. In practice, we use average 
urinary excretion rate, AXu/At, at the mid-point of urine collection period (t’). Hence, AXu/ 
At approximates dXu/dt at t’ if the urine sampling intervals are short. 
AXu 
At 
Where, t’ is the mid-point of urine collection period. Equation 7.131 can be subjected 
to the method of residuals as described under plasma concentration time data, to obtain 
the values of a, B, Ka, A, B’ and CO’. 


It is assumed that the rate constant involved are first-order rate constants and 
elimination of the drug occurs from the central compartment. 


= A.ett+ B' eft - CO’ ekat 7.131 


Practice Problems 


1. A dose of 100 mg of a drug is administered by rapid intravenous injection to a 70 kg 
healthy adult male. Blood samples are taken periodically after the administration of 
the = and plasma fraction of each sample is seed The following data are obtained: 


ime fi [oas [oso [ia fiee [20 faa fao [0] a 
(Pasma cone. (wom | 48 a2 |20] | n Los [ze | r2[oe0 


Assume that the drug follows a two-compartment model and calculate all possible 
phamracokinetic parameters. 


Solution : 


The equation that describes the time-course of drug concentration in plasma following 
I.V. bolus for a drug that follows a iwo-compartment open model is 


X0(a-K,,) eat + X0 (Kz -B) est 
Ve (-B) Vc(a-8) 
or C = A.e + B, eft 


Step 1. A semilogarithmic plot of plasma concentration versus t should be made. The 
terminal linear portion is used to calculate B. 


C= 
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-p 
2.303 
Slope = 0.091 


Elimination rate constant, B = 0.091 x 2.303 = 0.21 hri 


0.693 0.639 
Elimination half-life = —— = 


Slope 


= 3.3hrs. 


B —0.21hr! 

Step 2. Extrapolate the terminal linear portion to cut Y-axis. 

X0(K21-B) 
Vc(a-f) 

Step 3. Apply the method of residuals and set up the following table. 


Time (hrs) Observed Extrapolated Residual plasma 
plasma plasma concentration 
level (C) level (C) (Cr = C-Cp) 


The intercept, B= = 15 mg/ml. 


Plot residual plasma concentration versus time on the same paper to obtain a residual 
line, the slope of which is equal to - a/2.303 and intercept = A. 


Slope = -a/2.303 = 0.782 
a = 0.782 x 2.303 = 1.8 hr’ 
Intercept, A = 45 pg/ml. 


Step 4. Now, the equation that relates plasma drug concentration and time can be written 
as below 


C = 45 ug/ml x e'8t + 15 ug/ml x e021 t 
The other rate constants involved in the equation can be calculated. 
Ba+AB _ (15x1.8)+(45x«0.21) _ 


sis -1 
Kor = AGB (45 +15) ac 
_ (A+B) _ 45415)(1.8)* 21) _ p 
Kis = Baran  (15*18)+(45x021) ~ 2-622 hr 
- B)? .8-0.21)? 
ase __AB(a-B)? (45x15) (1.8-0.21) “aaa 


(A+B)(Ba+AB) (454+15)(15x1.8+45x0.21) 
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Step 5. Volume of distribution of the central compartment, Vc. 


X0 
+ = — 
A+B=CO Vo 
X0  I.V.dose 100mg 
Therefore Ve = —= << 
We CO A+B 45pug/ml+15 pg/ml 
vc = 10000018 < 1666.7 mi 
60 ug/ml 
Vc according to the equation, 
_ X0 _ 100mg _ 100000 pg 
K3 [AUC]*o 0.622hr7! x92.52* yg -hr/ml 57.55 ug/ml 
Ve = 1737.7 mi 


* See next point for AUC,*. 
Step 6. Area Under the Curve: Are under the curve is calculated by the Trapezoidal rule. 
C+C 
AUC, = cee) (t, - ty) + (C, > 2) 
(Cai +C,) 
2 


7 d (0.25) + 


(t, z tht) 


(43 +32) (32+ m 
2 


(0.25) + (0.5) + 


tay i 


(0.5) + (2) + 


ane (0.8) + 


(65428)  , (28 i 12) (1.2 +0.52) 


> C a C) 


= 5.375 + 9.375 + 13 + 8.5 + 6.25 + 17.5 + 18.6 + 
8 + 3.44 = 90.04 ug-hr/mi 


AUC,' = 90.04 ug-hr/mi 
Ç* _ 0.52 
AUC* = — = 2.47 | 
C; B aryl 6 pg-hr/m 
AUC,” = 90.04 + 2.476 = 92.52 pg-hr/mi 


Step 7. Drug levels in tissue or peripheral compartment 
K X0 
~ (a-p) 


The amount of the drug in the tissue compartment at any time ‘t’ after I.V. bolus 
injection can be estimated using the above equation. 


(eft - et) 
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For example the amount of the drug in the tissue compartment after 4 hours is the 
following : 


0.78 x 100 

a (1.8-0.21) 
49.06 (0.431) = 21.16 mg. 
The amount of the drug in the central compartment after 4 hrs 

= V.-C = 1.6667 mi x 6.5 mg/ml = 10.83 mg. 
The total amount of the drug in the body after 4 hrs 

= Xc +X, = 10.83 mg + 21.16 mg = 31.99 mg. 
Volume at steady state, 


(e-0-21 x4. e718 x 4) 


Total drug in the body at steady state 


Vs = 
Plasma drug concentration 
31.99 mg 
= —-—— = 4.92 L. 
6.5 ug/ml j 
K,, Ve 0.622x1666.7 
vB = 3 = = 4.94 L; 
dP B 0.21 
X0 100 
areas — ee si 
Va BIAUC* 0.21x92.52 a 
Ve = Ve(a-B) _1666.7mI(1.8-0.21) _1.666.7x1.59 6.63 L. 
(Ka -B) (0.61-0.21) 0.4 
List of Pharmacokinetic Parameters Estimated From the Data: 
1. A = 45 pg/ml 2. B = 15 ug/ml 
3. a = 1.8 hr 4. B = 0.21 hri 
5. CO = 60 ug/ml 6. ty. = 3.3 hrs 
7. Ky, = 0.61 hr! 8. Ki = 0.622 hri 
9. K2 = 0.78 hri 10. AUC = 92.52 ug-ml/hr 
11. V, = 1666.7 mi 12. X at 4 hrs = 21.16 mg 
V, = 1737.7 ml (area method) 
13. X, at 4 hrs = 10mg 14. Volumes of distributuion. 
Vas = 4.92L Vab = 4.94 L 


Vae = 5.15 L VP = 6.63 L 
General ranking of these volumes of distribution is as below: 
Vd®P > Vdaa or Vba > V> Ve 
6.63 L > 5.15L or 4.94L > 4.92L > 1.667L 
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7.2 Three Compartment Open Model 


The kinetics of certain drugs can be best explained by a three compartment model. The 
distribution of drug is very rapid in the central compartment, less rapid in one of the tissue 
compartments (2nd compartment) and very slow in the deep tissue compartment (3rd 
compartment). In other words, the time required for the equilibration of the drug in tissue 
comparment 2 is less than that of deep tissue compartment 3. Poorly perfused tissues 
such as bone and fat represent the third compartment. The deep tissue compartment 
may also represent a tightly bound drug in the tissue. 


Scheme 7.2 


3 2 


Deep tissue compart- : Tissue 
ment compartment 
Xt, = Ch. Vt, Xt, = Ct, Vt, 


Where; X0 = I.V. dose (bolus) 
Kel is the elimination rate constant 


Kiz Ky, Ky3 and K,, are the first order rate constants representing the rate processes 
of drug movement from one compartment to the other. 


X, V and C represent the amount of the drug, and the volume of distribution and 
concentration of the drug in each compartment. Subscripts C, t, and t, represent the 
central compartment, tissue compartment 2 and tissue compartment 3, respectively. 


The differential equation that describes the rate of change of drug concentration 
in the central compartment following I.V. bolus is, 
dc 
a Ka Xt,. + Ky, Xt, - (Ky. + Ky + Kel) Xc 7.132 
A solution of the above differential equation describing the rate of flow of the drug 
into and out of the central compartment gives the following equation. 


C=Aet+ Bett + C ect 7.133 
Where, C is the drug concentration in plasma at any time after I.V. injection. 


A, B, and C can be calculated by extrapolating the lines obtained by method of residuals, 
on Y-axis. A, B and C are the Y intercepts of extrapolated lines for the central, tissue 
and deep tissue compartments, respectively, and a, b and c are the first order rate constants 
for the central, tissue and deep tissue compartments, respectively. The parameters in 
equation 7.133 may be resolved by the method of residuals or computers. Equation 7.133 
represents a triexponential curve which becomes biexponential after an equilibrium between 
the drug levels in the central compartment and tissue compartment 2 has been established, 
and finally becomes monoexponential after an equilibrium between the drug levels in the 
central compartment and deep tissue compartment 3 has been established. 
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A semilogarithmic plot of drug levels in plasma versus time results in a curve, the 
slope of the terminal linear portion of which is -c/2.303 and the intercept obtained by 
extrapolating it is C (Fig. 7.11). Substraction of concentration of the drug on the extrapolated 
line from the actual concentrations give residual drug concentration versus time data. A 
plot of residual concentration versus time data gives a curve with a terminal linear portion. 
The slope of the terminal linear portion of the residual curve is equal to -b/2.303 and 
extrapolation of.this line on to Y-axis gives a value for B. Application of the method of 
residuals between the extrapolated B line and the first residual curve, yields a straight 
line with the slope of -a/2.303 and intercept A. 


os 

E 

S Slope = -c/2.303 
Qa, 

£ 

D 

5 Bj. 

ap 

E 

a Sheet Residual line 

Slope = -a/2.303 


Time (hours) 


Fig. 7.11 Semi-logarithmic plot of drug concentration in plasma versus time curve for a three 
compartment open model. Estimation of rate constants and intercepts by the method of 
residuals. 


The volume of distribution of the drug in the central compartment is calculated by 
equation 


X0 
= ——— . 1 
vo A+B+C nae 
The elimination rate constant, Kel, can be calculated with the following equation. 
_ (A+B+C)abc 
el Abc+ Bac + Cab 7.193 


Area under the curve from time zero to infinity is obtained by integrating equation 
7.133 between the limits of t = 0 and t = œ, with respect to time, 


f Cdt = f A eat +Í B.e + f C.ect 7.136 
0 0 0 0 

A B C 
[Auc = + + = 7.137 
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Likely Questions 
1. What are the factors that determine the number of compartments for a given drug? 


2.. What are the important points to be considered in developing equations for a two 
compartment open model? 


3. ‘Give the equation for drug concentration in the central compartment-time data and 
tissue drug level-time data. 


How do you estimate the volume of distribution of the central compartment? 
What is the siginificance of different volumes of distribution? 
Write a note on total body clearance of two compartment open model. 


How do you calculate the infusion rate required to achieve the desired C,.? 


SS SS ay = 


What are the steps to be followed to resolve the various exponents by the Method 
of Residuals? 


9. Write about the Loo-Riegelman method used for the determination of absorption rate 
constant from plasma drug concentration-time data of a drug that follows a two 
compartment open model. 


10. An antibiotic is given intravenously (bolus) to a patient weighing 65-kg. A dose of 
650 mg is injected and plasma samples are collected at different time intervals. The 
samples are analyzed for drug content and the drug levels in plasma were found © 
to decline biexponentially. The following data are obtained. 

[06 [075] 


ime wey) | oa [02 [os [0a] 


Calculate, 
(a) A, B, a and b 
(b) The volume of the central compartment (V,). 
(c) The volume of the peripheral compartment. 
(d) The apparent volume of distribution at steady-state (V459). 
(e) The volume of distribution by. the area (V,?"4). 
(f) The volume of distribution using b. 
(g) The microconstants K,, and K;,. 
(h) Elimination rate constant (K,,). 
(1) The biological half-life (t,),). 
(j) The total body clearance (Cl). 
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Drugs are infrequently used in single doses to produce an acute effect, the way aspirin 
is used to relieve a headache. More often, drugs are administered in successive doses 
to produce a chronic or prolonged effect, the way aspirin is used to relieve the pain and 
inflammation of arthritis. The goal in the design of dosage regimens is to achieve and 
maintain drug concentrations in plasma or at the site of action that are both safe and 
effective. Maximum safe concentration and minimum therapeutic concentration are 
schematically illustrated in Fig. 8.1. Toxicity would results if doses are administered too 
frequently, whereas, effectiveness would be lost if the dosage rate are too infrequent. The 
two main parameters that can be adjusted in developing a proper dosage regimen are 
(1) the size of the dose of the drugs and (2) the frequency of drug administration - that 
is, the time interval between doses. 


Maximum safe level 


Minimum therapeutic level 


Plasma Drug Level 


Time 
Fig. 8.1 Effect of frequency of administration of a drug on plasma drug level. (A) too frequent, 
(B) proper and, (C) inadequate frequencies of drug administration. 
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8.1 Drug Accumulation 


When drugs are administered on a multiple dose regimen, each dose (after the first) is 
administered before the preceding doses are completely eliminated. This results in a 
phenomenon known as accumulation, where the amount of the drug in the body (represented 
by plasma concentration) builds up as successive doses are administered. 

Table 8.1 Drug accumulation during multiple dose regimen 


Dose = 10 mg Dosing interval = t,,. of the drug 


No. of doses 


100 max} — 
50 min} 150 
75 
193.8 
96.88 | 196.88 
98.44 | 198.44 
99.22 


To appreciate the phenomenon of accumulation, consider what happens when a 100 
mg dose is given intravenously (bolus) at every elimination half-life (t,,.). The amounts 
in the body just after each dose and just before the next dose can readily be calculated; 
these values correspond to ~ maximum (Amay) and minimum (Amin) amounts obtained 
within each dosing interval. A max and Amin for first dose are 100mg and 50mg respectively. 
The maximum amount of the drug in the body in the second dosing interval, A, max(150 
mg) is the dose (100mg) plus the amount remaining from the previous dose (50mg). The 
minimum amount of the drug in the second dosing A, mi» is 75 mg. Table 8.1 shows the 
maximum and minimum amounts in the dosing intervals. It can be seen from the table 
that after seven doses of the drug, at an interval equal to the drug half-life, the maximum 
and minimum amounts in the body become fairly constant. This is called steady-state 
level. In this example, the maximum and minimum amounts in the body at the steady state 
are 200 mg and 100 mg, respectively. It means the amount of the drug lost during dosing 
interval at the steady-state is equal to the administered dose. 


Frequency No. 


No. of Half-lives 


svarena 
E 


The prediction of the amount of the drug in the body following repeated doses of 
a drug in the above example is based on the assumption that its elimination half-life is 
constant throughout the dosage regimen. 


Principle of Superposition 


An acceptable plasma concentration profile at the steady state can be devised with the 
aid of pharmacoKinetic parameters derived from single dose experiments based on the 
principle of superposition. The principle of superposition assumes that early doses of 
a drug do not affect the pharmacokinetics of subsequent doses. The basic assumptions 
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are that the drug is eliminated by first order kinetics and that the pharmacokinetics of the 
drug after a single dose (first dose) are not altered for multiple doses. Therefore, the blood 
levels after the second, third or nth dose will overlay or superimpose the blood level attained 
after the (n-1)th dose. In addition, [AUC],* following the administration of a single dose 
equals the [AUC] i during a dosing interval at steady state (Fig. 8.2). 


Plasma drug level 


> AUC,” 


Time (hours) 


Fig. 8.2 Simulated data showing blood levels after administration of multiple doses and 
accumulation of blood levels when equals doses are given at equal time intervals. 


The principle of superposition can be used to predict the drug levels in plasma after 
multiple doses using the plasma concentration-time data obtained after a single dose, as 
shown in Fig. 8.2. The drug levels in plasma versus time data obtained with a single dose 
is used to predict the drug levels in plasma after multiple doses at an interval of 4 hours 
each. The drug concentration-time data obtained with a single dose is repeated for each 
dose from the time it is administrated (see Table 8.2). Thus, the predicted plasma drug 
concentration would be the total drug concentration obtained by adding the residual drug 
concentration obtained after each previous dose. Because the superposition principle is 
an overlay method, it may be used to predict drug concentrations after multiple doses 
given at equal and unequal dosage intervals. There are situations where the superposition 
principle can not be applied. In these cases, the pharmacokinetics of the drug change 
after multiple dosing due to various factors, including changing pathophysiology in the 
patient, saturation of the drug carrier system, saturated protein binding, saturated active 
secretion, enzyme induction, and enzyme inhibition. 


8.2 Repetitive Intravenous Injections - One Compartment Open Model 


Calculation of plasma drug concentrations following repetitive doses of a drug using 
superposition principle requires preparation of a list of plasma drug concentrations for 
each dose as shown in Table 8.2. It is possible to develop‘equations that describe drug 
concentration in plasma versus time profile for repetitive injection of a drug that follows 
one compartment open model. 
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Table 8.2 Predicted plasma drug concentration for multiple dose regimen using 
superposition principle* 


Dose Time Plasma drug doses 
Number (hours) level (mg/ml) 


O 
= 
i 
e 
R 
-| 


a 

Lo 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 


i 
1 
| 


* A single oral dose of 350 mg was given and the plasma drug concentration were 
measured 0 - 20 hours. The same plasma drug concentrations are assumed to 
occur after doses 2-5. The total plasma drug concentration is the sum of the plasma 
drug concentration due to each dose. 


Let us consider that a drug was repeatedly injected intravenously a dose of XO with 
a dosing interval of t hours. The maximum concentration of the drug in plasma following 
a rapid IV injection is equal to the dose divided by volume of distribution of the drug. 


CO = X0 / Vd 8.1 
The concentration of the drug in plasma at any time t is given by, 
C=COett 8.2 


Where, K is the overall elimination rate constant. 


The concentration of the drug in plasma at the end of the first dosing interval, t, 
is given by 
Ct = C,°.e% 8.3 
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Where C,* - concentration of the drug in plasma at the end of the first dosing interval 
of t. 


ce = Zero time concentration for first dose. 


The zero time concentration of the drug in plasma following the second dose will 
be 


CS = C+ C? 8.4 
but C = CP. e 
Therefore, C2 = C} ekt + C? 8.5 
Let R = e*t then, Equation 8.5 can be written as 

C2 = CPR +C? 8.6 


The drug concentration in plasma at the end of the second dosing interval is given 

by 
Cot =C,°.e% = (C°R +C,)R 8.7 
Now, this procedure can be used for finding zero time concentration (maximum drug 


concentration in plasma) and drug concentration at the end of dosing interval (minimum 
drug concentration in plasma) for each dose of the drug. 


C, =Car +C, = (CPR +C,°9)R+C,° 8.8 

Cyr =C,° R =[(C,°R +C,°R+C,°] R 8.9 

Therefore, the plasma concentrations at the beginning and end of the nth dosing 
interval are given by the following series : 

Beginning SC PCR +OP Re te a CO? ROD 8.10 

End =C°R* CP Re + OP RIH cists: + CPR 8.11 


Since, R is always smaller than 1, R” Becomes smaller as n increases. Therefore, 
the high power terms in Equations 8.10 and 8.11 become negligible as n increases, and 
additional doses do not change the value of Cc, or Ct significantly. This explains why 
the plasma concentrations reach a plateau instead of continuing to rise as more doses 
are given. 


When, n = «, Equations 8.10 and 8.11 become 


c’ 
Crax” ILR l 8.12 
CÌR 
Cmin = Cmax- R = TOR 8.13 
Hence, C,,,, and C min are defined as the plasma concentration at the beginning and 


end, respectively, of the nth dosing interval after the plateau has been reached 
(i.e., n = oc). Thus, the maximum and minimum plasma concentrations on the plateau of 
a repetitive I.V. dosing regimen can be calculated if the dosing interval (t), the overall 
elimination rate constant (K), and the initial plasma concentration (CO) are known. 
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An average steady state plateau drug concentration, C is obtained by dividing 


AUC for a dosing period by the dosing interval. 
Cave = [AUC]? 8.14 


It should be remembered that C ve is not the arithmetic mean of C nax and C nin because 


plasma drug concentrations decline exponentially. The [AUC],,2 is related to the dose 
(X0) divided by the total body clearance (Vd.k). 


ave’ 


X0 
2s 2 
[AUC],, VdK 8.15 
X0 
Therefore, Cave = VdK: 8.16 


Equations can also be expressed in terms of the amount of the drug in the body 
at the steady state. 


X0 
Xmax = I.R 8.17 
XOR 
X min = Xmax R = 1- R 8.18 
X0 
ave Kr 8.19 
Where, Xmax Xmin ANd X ve are the maximum, minimum and average amount of the 


drug in the body at the steady-state. 

It is some time desirable to know the plasma drug concentration at any time after 
the administration of n doses of a drug. The general expression for calculating this plasma 
drug concentration is 


C,' = a 8.20 


‘Where n is the number of Fan given and + is the time after the nth dose. 
At steady-state ekt amas zero and Equation 8.20 reduces to 


Ca“ = CO (5 zz) ott 8.21 
Where C,* is the i a concentration, t is the time after the dose. 
8.3 Repetitive Extravascular Dosing - One Compartment Open Model 


Although the equations become considerably more complex than for the I.V. case, Cmax 

Crin and Cave can be calculated when the drug is administered by an extravascular route. 

The basic assumptions made in developing the equations for the extravascular route are: 
1. Drug absorption and elimination processes follow first order kinetics. 


2. The pharmacokinetic parameters such as Ka, K, Vd and the fraction of the dose 
absorbed, (F) remain constant during multiple-dosing. 
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The equation describing the plasma drug concentration-time profile following a single 
dose of extravascular administration of the drug is given by 
Ka FXO 
= -Kt . @-Kat 8.22 
j Vd(Ka-K) (e ) 
If n fixed doses of the drug (X0) are administered at fixed time intervals (t), the plasma 
concentrations following the ‘nth’ dose are given by 
KaF X0 l- eK? l- "Kat 
t= e Kt o* -Kat 
Ca Vd(Ka-K) (an e Toe Kat ye 8.23 
Where C,! is the concentration of the drug at time t, after nth dosing. When n 
is large (i.e., when the plasma -concentrations reach a plateau), the terms eK? and 
eka becomes negligible and Equation 8.23 simplifies to, 


Cn” = Va(Ka-K) Pe Te) = 


Equation 8.24 can be used to calculate the Cmax and Cmin values on the plasma 
concentration plateau by substituting values for t which correspond to the “peaks” and 
“valleys” in the C versus t curve. Thus, if t = tp (the time of the peak concentration of 
drug in plasma), Equation 8.24 gives C,,,,. 


KaF X0 e Kp e Kat 
Cree Vd (Ka -K) (ok - Tek) 8.25 
If t = 0 (the time at which another dose is to be given), Equation 8.24 gives C 
KaF X0 1 1 


min © “Vd(Ka-K) `j eK" ` 


min’ 


ek ) 8.26- 
The mean plasma level at steady-state C. is obtained using the similar method 


employed for repeat I.V. injections. 


ave 


_ AUC] ,” 
Cave = > 8.27 
F X0 
or Cave = VdKt 8.28 
Si AUC t2 = FXO 
ince [AUC]. = Vax 


8.4 Multiple Dosage Regimen - Loading Dose 


As discussed earlier, the time required for the drug to accumulate to a steady state plasma 
level is dependent mainly on its elimination half-life. The time need to reach 95% Cwe 
is approximately 5 half-lives of the drug. For a drug with a half-life of 5 hours, it would 
take approximately 25 hours to reach 95% of C ive- 
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In order to initiate a immediate therapeutic effect, an initial dose also called loading 
dose, or priming dose, is administered to achieve C,,,. Thereafter, a maintenance dose 
is given to maintain C ve so that the therapeutic effect is also maintained. 


LV. injections 
According to equation 8.19: 


Kaye = Cave Vd = TO 8.29 


Where, X0 is I.V. dose, t is dosing interval, Vd is the volume of distribution of the 
drug and K is the elimination rate constant. Therefore, we should administer a loading 
dose X* just before the administration of the maintenance dose, X0. The amount present 
in the body is equal to X0/Kt. The amount of the drug present in the body after t = 1, 
following an I.V. dose of X* is, X,,.- 


X = X* ek 8.30 


ave 


The amount of the drug eliminated during this period must be supplied in the form 
of a maintenance dose, X0. 


The amount of the drug eliminated from a loading dose in time t, is equal to the 
difference between the loading dose (X*) and the amount remained in the body after t 


(Xave)- 
Amount of the drug eliminated 
=X*- Xa. 8.31 
= X* - X ek 
= X* (1 - ek) 8.32 


The amount of the drug eliminated should be equal to the maintenance dose, XO, 
to maintain the steady-state level. Therefore. 


Maintenance dose, 
X0 = X* (1-eXt) 8.33 
and loading dose, 
X0 
X* = 7 hy 8.34 


In practice, the C yẹ value for a particular drug is known. The elimination rate constant 
(K), volume of distribution (Vd) and dosing interval are taken from the literature to calculate 
the loading dose (X*), using the following equation. 
Loading dose X* = X,,,/e*r = Cie Vd/ er 8.35 
Maintenance dose can be calculated using Equation 8.33. 


The ratio of loading to maintenance dose depends on the dosing interval and the 
half-life of the drug and is equal to the accumulation index, R,,. 


R= oe oe 8.36 
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Extravascular Dosing 


In case of extravascular dosing, the fraction of the dose absorbed, F, should be taken 
into consideration while calculating the loading dose. 


. Ci. Vale 


F 8.37 


Loading dose = X* 


Maintenance dose, 
X0 = X* (1 - ek) 8.38 


8.5 Multiple Dose Regimen - Two Compartment Open Model 


Equations can be developed for determining the average concentration of the drug in the 
central compartment, following I.V. bolus and extravascular dosing of a drug that follows 
a two compartment open mode! similar to that of one compartment model. However, more 
complex equations result which are difficult to follow for the nonspecialist. However, one 
compartment equations modified in minor ways apply to two-compartment systems with 
reasonable accuracy, when the distribution phase after one dose is approximately complete 
before the next dose is administered. Under these conditions, p may be substituted for 
K and V,"°? for Vd, to adopt one compartment equations to two-compartment systems 
for rough approximations of the two compartment parameters and plasma concentrations. 


For I.V. injections, 


X0 
Cave = BY, area 8.39 
d 
Loading dose = C ve Vaa e?! 8.40 
For extravascular dosing: 
F X0 
ave = BV." t 8.41 
area: } -Bt 
Loading dose = A 8.42 


F 
The accumulation ratio of the drug R,, is the ratio of loading and maintenance doses. 


* 


X 1 


RS 
ac X0 (1-e Bt) 
The rate at which the steady state is attained depends almost entirely on 8. It takes 
approximately 5 half-lives of the drug to reach the plateau level. Using B in place of K 
in the equations developed for one compartment model allows us to caiculate the various 
pharmacokinetic parameters of the two-compartment system at the plateau level. 


8.43 
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Practice Problem 


1. A subject receives 1000 mg every 6 hours by repetitive |.V. injections of an antibiotic 
with an elimination of half-life of 3 hours. Assume that the drug is distributed according 
to a one compartment open model and the volume of distribution is 20 L. Find the 
maximum, minimum and average plasma drug level. What are the loading and 
maintenance doses for this case? 


Solution : 
Dosing interval, +t = 6 hours 
The biological half-life 
(t,,2) = 3 hours 


Therefore, K = 0.693/,,. = 0.693/3 = 0.231 hr! 
According to Equation 8.12, 
Cmax = C? /(1-R) 
Where, C,° = 1.V.dose/V, = 1000/20 = 50 mg/L 
R = ekt = e0231) 6) = 0.25 


Cc = 50/(1 - 0.25) = 66.67 mg/L 


max 


According to Equation 8.13, 


C min a Cmax R. 
Therefore, Cimin = (66.67) (0.25) = 16.67 mg/L 
According to Equation 8.16, 
Cave = |.V.dose/(V, K 1) 
= 1000/(20)(0.231)(6) = 36.1 mg/L 
Loading dose, X =C,,, V,/e* 8.35 
= (36.1)(20)/e(0-231) (6) = 2887.15 mg 
Maintenance dose = X* (1- et) 8.33 


= 2887.15(1 - e(231) (© = 2165.15 mg 


2. A male patient is given orally 250 mg of tetracycline Hcl every 8 hours. The antibiotic 
absorption rate constant is 0.9 hr’ and the biological half-life is 10 hours. If the fraction 
of the dose absorbed is 0.75 and the volume of distribution is 121.5 liters, calculate 
Cmax Cmin and Cave at steady-state. Find out the loading dose and maintenance dose 
for this case. 


Solution : 
Biological half-life= 10 hours. 
Hence, K = 0.693/10 = 0.0693 hr 
Dosing interval, t = 8 hours 
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Volume of distribution, 
Vy = 121.5 liters 
Fraction of dose absorbed, 
F = 0.75 
Absorption rate constant, 
Ka = 0.9hr1 
According to Equation , 
t, = 2.303/(Ka-K) log (Ka/K) 
= 2.303/(0.9 - 0.0693) log(0.9/0.0693) 


= 3.087 hours 
Ka F X0 eK? eKatp 
C max T V,(Ka-K) [ l-e% 7 |- e Kat ] 8.25 


_ (0.9) (0.75) (250) eC 0693) (3 087) et 9) (3 087) 


Cmax = 121.5(0.9-0.0693) 1-600090 p056] = 30675 mar. 
Ka F X0 1 1 
Crin = Va (Ka - K) aren fee key 8.26 
_ (0.9) (0.75) (250) l 1 


min = 121.5(0.9-0.0693) 1-600 p000] = 2.24 mg/l 


Cave = F XON Kt = (0.75)(250)/(121.5)(0.0693)(8) = 2.78 mg/L 


Cave Valet 
Loading dose, Xe D 8.37 


(2.78) (121.5)/e 0 ® 


Loading dose, x* = 0.75 


= 784 mg 


Maintenance dose = X* (1 - et) 


= 784 [1 - e~0 06938) = 333.65 mg. 
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Likely Questions 


1. Why the drugs are administered in multiple-doses? 

2. Explain the phenomenon of drug accumulation. 

3. What do you mean by the principle of superposition? 

4. Give the equation for calculating Chaw Cmin and Cave following repeated I.V injections. 
5. 


Give the equations for calculating a loading dose and a maintenance dose for repeated 

extravascular administration. 

6. A drug has an average elimination half-life of approximately 2 hours and an apparent 
volume of distribution of 20% of body weight. The drug is administered to a woman 
weighing 50-kg at a dose of 1 mg/kg every 8 hours by multiple I.V. injections. Calculate, 
(a) Cmax 
(b) C,,, and 
(C) Cave: 

7. The elimination half-life of an antibiotic is 3 hours and the apparent volume of 

distribution is 20% of body weight. The therapeutic window for this drug is from 2 

to 10 pg/mi. Adverse toxicity is often observed at drug concentration above 

15 ug/ml. The drug is given by multiple I.V. bolus injections. 

(a) Calculate the dose for an adult male patient (52 years, 82-kg) to be given every 
8 hours. 

(b) Calculate the expected C,,, and Cave 

(c) Comment on the adequacy of your dosage regimen. 


8. What is the loading dose for an antibiotic (K = 0.23 hr‘) with a maintenance dose 
of 200 mg every 3 hours? 
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9.1 Introduction 


Normally, plasma concentration and the amount of a drug and its metabolites excreted 
in urine at any given time all increase in direct proportion to its dose, when the drug is 
administered in either a single dose, or in multiple doses. Further, five pharmacokinetic 
parameters (F, Ka, Vd, CL, and CL,) basically define and summarize the time-course of 
a drug in the body and they do not change with single or multiple dosing. The superposition 
principle is based on the above points. When superposition occurs, the pharmacokinetics 
of a drug is said to be dose- independent or linear. 


There are many reasons why the principle of superposition may not hold good. Among 
them are the administration of a drug by different routes, in different dosage forms, or 
by different methods (bolus or infusion). These are examples of dependencies on the 
dosage form and the route of administration. They are not the subject of this chapter. 
Other reasons for a lack of superposition include changes in pharmacokinetic parameters 
themselves with the size of the dose administered or dosing rate, when all other factors 
are held constant. The pharmacokinetics of such drugs are said to be dose-dependent. 
When there is a lack of superposition on administering a drug on separate occasions or 
a lack of predictability following repeated or continuous dosing, based on a single-dose 
data, the drug is said to show time-dependent kinetics. Although relatively uncommon, 
they occur frequently enough in drug therapy to warrant a special consideration. 
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Both dose-dependent and time-dependent kinetic behaviors can easily be quantified 


and predicted. The first step in evaluating this behavior is to identify its occurrence, and 
the subsequent steps involve determining the parameters affected and the likely 
mechanism(s) of nonlinearity. There are many potential causes of dose and time 
dependencies. Table 9.1 lists examples of the representative causes together with the 


pharmacokinetic parameters affected. 


Table 9.1 Representative causes of dose and time dependent kinetics and selected drug examples 


1. Gastrointestinal absorption 


a) Saturable transport in the gut wall 
b) Drug comparatively insoluble 

c) Saturable gut wall or hepatic 
metabolism on the first pass 
Saturable gastric or Gl 
decomposition 


~ 


Amoxycillin 
Griseofulvin 


<“ 


Nicardipine 
d 


~ 


2. Distribution 
a) Saturable protein binding 


b) Saturable tissue binding 


Naproxen 
Naproxen 


. Renal excretion 
Penicillin G 

Ascorbic acid 
Salicyclic acid 
Disopyramide 


a) Active secretion (saturable) 
b) Active reabsorption (saturable) 

c) Change in urine pH 

d) Saturable plasma protein binding 
e) Nephrotoxicity” 

f) Increase in urine flow® 


4. Hepatic metabolism 


Theophylline 


a) Capacity limited metabolism 
b) Enzyme induction? 
c) Hepatotoxicity® 


Phenytoin 


Prednisdone 
propranolol 

Lidocaine 
Diazepam 


d) Saturable plasma protein binding 
e) Decreased hepatic blood flow 
inhibition by metabolite? 


[Example | Parameter | 


Some penicillins 


Aminoglycosides 


Carbamazepine 
Acetaminophen 


Affected? 


F 

F 

F 

E . 
Vd 

Vd 


a Direction of change; - ‘tincrease, ¿decrease on increasing dose 
b time dependent as well as dose dependent. 


Most of the times the reason for non-linearity is the saturation of a particular process 
involved in drug absorption, distribution, metabolism or elimination. These processes can 
be explained by the apparent first order kinetics at low doses of a drug, but they become 


saturated or capacity limited at higher doses. 
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Fig. 9.1 shows the plasma level time curves for a drug that exhibits saturable kinetics. 
When a large dose is given as an I.V. bolus, the elimination of a drug is slow initially and 
become rapid at lower plasma concentrations (curve A). With a small dose of drug apparent 
first-order kinetics are observed, because no saturation occur (curve B). Curve C is 
generated based on the kinetic parameters derived from curve B, by a dose twice that 
for curve B (equal to the dose used for curve A). Curve C under-estimates the drug 
concentration as well as the duration of action. 


Plasma drug level 


Time (hours) 

Fig. 9.1 Plasma drug concentration-time curve for a drug that exhibits a saturable elimination 
process. Curves A and B represent high and low doses of the drug, respectivley, given in a single 
1.V. Bolus. Curve C is generated based on the kinetic parameters calculated from curve B, 
following a high dose of the drug. 


In order to determine whether a drug is following dose-dependent kinetics or not, 
the drug is given at various dose levels and a plasma level-time curve is obtained for 
each dose. Thé curves should exhibit parallel slopes if the drug follows a dose-independent 
kinetics. Alternatively, a plot of the areas under the plasma level-time curves at various 
doses should be linear (Fig. 9.2). ‘ 


AUC 


Time (hours) 


Fig. 9.2 Area under the plasma drug level-time curve versus dose. Curve X represents dose- 
dependent or saturable elimination. Curve Y represents dose-independent Kinetics. 
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Characteristics of Drug Transport 


Most of the drugs are transported by passive diffusion. That is, the membrane itself aves 
not actively participate in the transfer process but instead it simply provides a physical 
barrier for drug movement. 


The characteristics of passive transport are: 


1. Drug molecules move from a region of relatively high concentration to one of relatively 
low concentration. 

2. The rate of transfer is proportional to the concentration gradient between the 
compartments involved in the transfer. 


3. The transfer process achieves an equilibrium with respect to drug concentration and 
transfer process ceases at equilibrium: 

4. When a drug can exist in both ionized and unionized form, equilibrium exists only 
with respect to the unionized form. 


However, transport of certain drugs, such as amoxycillin across the gut wall and 
secretion of some drugs, such as penicillin G, into the renal tubule involves an active 
transport mechanism. Figure 9.3 illustrates the active transport mechanism. The drug 
molecule in compartment A is picked up by the enzyme at the surface of the membrane. 
The drug-enzyme complex then moves across the membrane and the drug is discharged 
to compartment B at the membrane surface open to B. The enzyme then returns to the 
surface of the membrane of the compartment A for the transport of another drug molecule. 


Compartment A Biological Membrane Compartment B 


Drug —— >| Enz ——» Drug-Enz ——> Enz - Drug 


tn a) 


Fig. 9.3 Active transport mechanism. 


Characteristics of Active transport: 
1. This process consumes energy. 


2. This process can be poisoned with some chemicals such as fluorides, dinitrophenol 
etc. 


3. Unlike any passive transport, an active transfer process can work against the 
concentration gradient. 


4. The system is structure specific and hence there exists a competition between the 
compounds of similar chemical structure. 


5. Since there are.a finite number of carriers or enzymes available, the system is capacity 
limited. \f the total number of transferable molecules exceeds the number of enzyme 
sites available for transfer, the system will be saturated. Here the enzyme system 
will be working at its full capacity and the transfer of a drug may thus occur at a 
constant rate until the concentration of the drug falls below that of the capacity limit 
of the enzyme system. 
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Saturable Enzymatic Elimination Processes 


Many of the elimination processes such as active secretion, active reabsorption, drug 
metabolism involve enzymes. The limited number of enzyme molecules involved in the 
process leads to a saturable condition at high concentrations of substrate (drugs). Enzymatic 
elimination can be represented by: 


K2 
E+D ¿22? ED — E+P 9.1 
Ky 

Where, E is the enzyme, D is the drug, ED is the enzyme drug complex and P represent 
product. K; , K, and K, are the rate constant of the processes. 

In the usual treatment where the enzyme substrate complex is assumed to be in a 
steady - state then the reaction rate or velocity v, is defined as in 

v = K, Eo C/Km + C 9.2 
where, Km = (K, + Ky)/K, 

K, and K, account for enzyme and drug complex dissociation where as K; is the enzyme- 
drug complex formation rate constant. 

The enzyme concentration Eo, is considered to be constant and equal to the initial 
concentration, since the concentration of enzyme-drug complex in equation 9.1 would be 
negligible in the steady state. The concentration of the drug (C) available for the process 
will decide the velocity rate. A plot of velocity rate, v of the process versus the concentration 
of the drug gives a curve, which attains a constant velocity at higher concentrations of 
the drug (Fig. 9.4). At this point, C >> Km and equation 9.2 becomes. 

Vmax = K, Eo 9.3 


Velocity of a reaction (v) 


Drug concentration (ug/ml) 
Fig. 9.4 Effect of drug concentration on the velocity.of an enzymatic reaction. 


It means the rate of the reaction is concentration dependent up to a certain drug 
concentration (first order process) beyond which the rate of reaction is constant or 
independent of drug concentration (zero-order process, saturation or capacity limited 
process). The maximum velocity, Vmax: possible with the system is constant. Substituting 
the value of Vmax in Equation 9.2, 


V-= Vmax C/Km + C 9.4 


ma 
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This is the equation developed by Michaelis-Menton for a saturable enzymatic process. 
Km is the Michaelis constant, and is equal to the drug concentration at half of the maximum 
velocity of a process (i.e. at 1/2 Vmax- 


Table 9.2 Effect of drug concentration on the elimination rate* and rate constant** 


Drug concentration Elimination rate Rate constant 
0.00128 
0.00256 
0.00384 
0.00511 
0.00638 
0.0016 
0.016 
0.0126 
0.0250 
0.0369 
0.0486 
0.0600 
0.0710 
0.1125 
0.2000 
0.3272 
0.4800 
0.5294 
0.6666 
0.7659 
0.8059 
0.8411 
0.8598 
0.8695 
0.8754 
0.8794 
0.8845 
0.8862 
0.8875 


* Km = 0.7 mg/m! Vmax = 0.9 mg/ml/hr 


** The ratio of the elimination rate to the concentration is equal to the rate constant. 
if C is the concentration of a drug in plasma, then: 
dC Vinax C 


Elimination Rate = - — = 


dt Km+C 8.5 
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The values for Km and V nax are dependent on the nature of the drug and the enzymatic 
orocess involved. 


It is possible to generate the elimination rate of å drug using Equation 9.5, if Km 
and Vmax are known. Elimination rates of a drug at different concentrations with a Km 
of 0.7 mg/m! and V nax of 0.9 mg/mi/ per hour are calculated and presented in Table 9.2. 
based on the data generated from Equation 9.5. Table 9.2 shows how enzymatic drug 
elimination can change from a linear process to a non-linear process to a zero order process 
depending on drug concentration. When the drug concentration, C, is small in relation 
to Km C < 0.005 pg/ml, Table 9.2, the rate of elimination becomes a first-order process. 
This is evident since the rate constant values are constant (1.28 hr’) at drug concentrations 
below 0.005 mg/ml. Mathematically, when C << Km, the value of C in the denominator 
of Equation 9.2 is negligible when compared to Km value. Hence, 


_ GE _ Vmax © 9.6 
dt Km 
X oke 9.7 
or dt = 5 


Where K“ is the first-order rate constant, which can be calculated from Equation 9.6 
0.9 
K= Vinx /Km = g7 = ~ 1.28 hr 
The value of K' obtained is equal to that shown in Table 9.2 at drug concentration 
below 0.005 mg/ml. Accordingly, t, due to enzymatic elimination can be calculated. 
ty = 0.693/1.28 = 0.54 hr. 


At drug concentrations 0.008 to 20 mg/ml, the enzyme system is not saturated and 
the rate of elimination is a mixed or nonlinear process. This can be observed with changing 
values of the rate constant. At higher concentrations, 40 mg/ml or above, the elimination 
rate approaches a maximum velocity (V nax) of approximately 0.9 mg/ml per hour. Now, 
the process can be explained by the zero order process. At this point, C >> Km and hence, 
Km value can be neglected in the denominator of Equation 9.2, and the equation becomes, 


dC. Vmax C 
d Cc 
where KO is the zero order rate constant. 


= Vix = KO 9.8 


Determination of Km and Vmax 
In enzymatic kinetic work, the classic Michaelis-Menton equation (Equation 9.4), 
v = Vix Ci Km +C 


relating the reaction rate, v and substrate concentration, C is used to determine Vmax and 
Km. In order to estimate Vmax and Km values, the velocity of the reaction (v) at various 
concentration levels of drug (C) are determined either by in vitro experiments or in vivo 
experiments at constant enzyme levels. 
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The following three linear equations obtained by rearranging Equation 9.4 are widely 
employed in enzyme kinetics 


1 1 Km 1 
y CV + 9.9 
1 K 
s eeen 9.10 
v Views max 
Z yv 
uK = + Woa 9.11 


According to equation 9.9, a plot of 1/v versus 1/C gives a straight line with the slope 
of Km/V,,,, and the intercept equal to 1V may Table 9.3 shows the data used in Fig. 9.5. 
This plot is known as Lineweaver-Burk plot (double reciprocal plot), in which the data points 


are clustered. 


Table 9.3 Velocity of an enzymatic reaction at different concentrations of substrate (drug). 
Data has been processed for graphic determination of V „a, and Km 


max 


| Exp.No. | cgi v (mg/mlimin) | 1/v (mi/mgmin) | 1/¢ (mi/mg) 


I/v 


Slope = Km/V 


max 


1/C 
Fig. 9.5 Plot of 1/v versus 1/C for determining Km and Vmax values. 


According to equation 9.10 a plot of C/v versus C gives a straight line with the slope 
equal to 1/V max and intercept equal to KM/V nax (Fig. 9.6). A plot of v versus v/C would 
yield a straight-line with a slope of -Km and an intercept of Vmax (Fig. 9.7) 
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Civ 


Slope = Km/V pa 


` 


wC 
Fig. 9.7 Plot of V versus v/C for determining Km and V rex 


A comparison of the above three methods reveals that the Lineweaver-Burk plot 
(Equation 9.9) is far inferior to the other two methods. It was found that the plot of v 
(ordinate) against v/C (abscissa) produced estimates of Km and Vmax which were more 
reliable than those obtained by the other two equations. The different capacities of the 
three equations to provide reliable estimates of Km and Vmax was due to the fact that the 
experimental error (s) normally inherent in the measurement of v would be magnified in 


equations 9.9 and 9.10 by the presence of v in its reciprocal form. 


Table 9.4 Calculated Steady-State Phenytoin Serum Concentrations With Different Daily 
Doses of Phenytoin*. 


Daily dose (D) (mg/day) Steady state serum concentration 
(Css) (mg/l) 
100 1.00 


* C = Km DAD 


- D); Km = 4 mg/L and Dmax = 500 mg/day 


max 
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Estimation of Km and Vmax in patients 


Therapeutic problems encountered with a capacity limited metabolism are classically 
exemplified by phenytoin. Typical V nax and Km values of this drug are 500 mg/day and 
4 mg/L, respectively. These values vary widely from patient-to patient. Consequently, 
the curvilinear relation between the steady-state concentration and maintenance dose poses 
practical therapeutic problems for the clinician since a small increase in dose results in 
a disproportionately large increase in the steady-state serum concentration (C,.), the extent 
of which varies from patient to patient (Fig. 9.8 and Table 9.4). 


Daily dose (mg/day) 
Fig. 9.8 The relation between steady-state serum concentration of phenytoin (C) and daily dose. 


Equation 9.4 may be rearranged in the form, 


D max Cos 
D= Km+C, 9.12 
D Km 
or Cos = Dan -D 9.13 


Where, v is replaced by D (dose in mg/day) so that V nax becomes Dmax (the theoretical 
maximum daily dose) Km being the steady-state serum concentration of phenytoin existing 
at half Dnax 


Analogous to equations 9.9, 9.10 and 9.11, three linear forms of equation 9.13 can 
be written, each having C., (or its reciprocal) as the dependent variable. 


l Da. 1 1 
C. Km D Km a 
D 1 D : 
—— 3 —— + max 
c. = D Km 9.15 
Css = Dmax D’ Km 9.16 
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To determine Km and D,,,,, two doses of phenytoin are given at different times until 
a steady state is reached, the steady-state drug concentrations are then measured by 
assay. At the steady-state, the rate of elimination (v) is assumed to be the same as the 
rate of drug input, D (dose/day). Using the experimental values of D and C,s the values 
of Km and Dmax are determined using Equations 9.14, 9.15 and 9.16. 


Example 


The drug phenytoin is administered to a patient at dosing rates of 200 and 400 mg/day, 
on different occasions and the steady state serum concentrations found are 2.67 and 
16.0 mg/L, respectively (Table 9.5). Find the Km and Dnax for this patient. What would 
be the dose needed to achieve a steady state level of 10.0 mg/L ? 


Solution : 
Method 1: Using Equation 9.14 ` 


“ Slope =D. /Km 
1/C 


Fig. 9.9 Plot of 1/C,, versus 1/D for the determination of Km and Dax 


Tabie 9.5 Steady-State Concentrations Achieved in a Patient at Different ihe Rates. 
Data Has Been Processed for Graphic Determination of Km and Dna 


Dosing rate (D) Steady state cD 

(mg./day) concentration 

E Fc ela 

ae a a 
16. 00 0. 0625 0. 0025 0. 040 25. 00 


According to Equation 9.14: 


A plot of 1/C,, versus 1/D yields a straight line with a slope of Dmna Km and an intercept 
of -1/Km (Fig. 9.9). l 
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Method 2 
Using Equation 9.15, 


9.15: 


A plot of D/C,, versus D gives a straight line with a slope of -1/Km and an intercept 
of Dmax KM (Fig. 9.10) 


D,„/Km 


D/C 


Slope = -1/Km 


D 
Fig. 9.10 Plot of D/C,, versus D for the determination of K, and Drax 


The slope obtained 
= -0.25 = -1/Km 
s Km = 1/0.25 = 4mg/L 
Intercept obtained from the graph 
= Dma/KM = 125. 
Therefore Dmax = 125 Km = 125 x 4 = 500 mg/day. 
D/C., is nothing but clearance 


Dose required to attain C, of 10 mg/L can be calculated from Equation 9.15, using 
the values of Dmax and Km. l 


D1 yy 500 
10. 4 4 
D , D _ 500 
10 4 4 
14D _ 500 
40 4 
40 x 500 
D= “Wea 357.1 mg/day 
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Method 3 


A plot of C,, versus C,./D, according to equation 9.16, yields a straight line with a slope 
of Dmax and an intercept equal to -Km (Fig. 9.11). 


ms Slope = D = 500mg 


max 


Fig. 9.11 Plot of C, , Versus C/D for the determination of Km and D,,, 


Dose required to achieve C., of 10 mg/L can be read from the graph. The value 
on X-axis corresponding to 10 mg/L is 0.028. 


i.e., C/D = 0.028 
Cc, _ 10 | ' 
= 5028 0028 357.1 mg/day 


Method 4: The direct linear plot 


This method allows for an estimation of phenytoin dose based on the steady state 
concentration resulting from one dose. This method is based on a statistically compiled 
nomogram that makes it possible to project a most likely dose for the patient. 


The dose required to produce a desired steady-state concentration can be determined 
simply by drawing a straight line from the intersection point in the first quadrant to the 
desired absolute value on the negative part of the concentration axis. The point where 
this line cuts the dose axis gives the required dose. (Fig. 9.12). 


Dose required to 
produce desired 


re C 


Phenytoin C, 


Fig. 9.12 Direct linear plot used for the determination of the dose required to achieve desired 
steady-state level in plasma. 
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Method 5: Direct method 


When steady state concentrations of phenytoin are known only at two dose levels, there 
is no advantage of using the graphic method. Km and Dmax can be calculated by solving 
two simultaneous equations formed by substituting C,, and D (Equation 9.12) with C,, D,, 


C, and D,. The equations contain two unknowns, Km and Dmax and may be solved easily. 


-Dp Cj 
Bs Km +C; 
Bue D nax -C2 
2 Km+C, 


Combining two equations yield equation 9.17. 


2 D, - D, 
Km = D D, - D, 9.17 
C C, 


Where, C, is steady state plasma concentration after dose 1, C, is steady state plasma 
concentration after dose 2, D, is the first dosing rate, and D, is the second dosing rate. 
To calculate Km and D,,,,, use Equation 9.17, with the values C, = 2.67 mg/L, C, = 16.0 
mg/L, D, = 200 mg/day, and D, = 400 mg/day. The results are 


400 - 200 


Km = 200 400 = 4.00 mg/L 
2.67 16 
Substitute Km into either of the two simultaneous equations to solve D,,,,. 
_ Drax (2.67) 
200 = 7.00+2.67 


Dmax = 499.63 mg/day 
Using the values of Km and Dmax the dose required to achieve steady state 
concentration of 10.0 mg/L can be calculated. 


499.63 x 10.0 
Dose = -400410.0 = 356.9 mg/L 
9.2 One Compartment Open Model - I.V. Bolus - Pharmacokinetics of Drug 
Eliminated by Capacity Limited Process . 
It is possible to develop an equation for a drug that follows one compartment open model 
with capacity limited elimination. The rate of elimination of a drug that follows a capacity 
limited or saturable process can be determined using Michaelis-Menten equation (Equation 9.5). 
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Integration of the above equation with respect to time gives 


co -C Km co 
; = Vmax - Ea In rol 9.18 


Where, CO is the zero time concentration of the drug in plasma following an I.V. bolus 
injection of dose X0 and C is the concentration of drug in plasma at time t. 


Alternatively, the amount of the drug in the body after an I.V. bolus injection may 
be calculated by the following equation. 


DO - Dt Km DO 
oa = Vinax - EJ In Dt 9.19 


Where, DO is the I.V. bolus dose, Dt is the amount of the drug in the body at any 
time, t. Equation 9.19 may be used to simulate the decline of the drug in the body after 
various size doses are given, provided the Km and Vmax of the drug are known. 


In order to calculate the time for the dose of the drug to decline to a certain amount 
of the drug in the body, Equation 9.19 must be rearranged and solved for time t. 


t= (DO - Dt + Km log DO/Dt) 9.20 
Using Equation 9.20, the time required to fall to a certain amount of the drug in the 
body following an I.V. bolus of 300 mg of drug with Km = 30 mg and Vmax varied from 
150 to 100 mg/hr is represented in Table 9.6. Similarly, data was generated for a drug 
keeping Vmax = 150 mg/hr, Km = 30 mg and 60 mg to show the influence of Km on kinetics 
(Table 9.7). Effect Vmax and Km are shown in Figures 9.13 and 9.14, respectively. 


Amount of drug in the body (mg) 


Time (hours) 


Fig. 9.13 Effect of Vmax on drug levels in the body (data from table 9.6). 
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Amount of drug in the body (mg) 


Time (hours) 


Fig. 9.14 Effect of Km on drug levels in the body (data from table 9.7). 


Time required to bring the drug levels in the body to 20 mg is 2.4 and 2.6 hours 
with Vnax 150 and 100 mg, respectively (Km is constant 30 mg) (Table 9.6). It means 
an increase in Vmax increases the rate of elimination of the drug (time required to eliminate 
the drug decreases). 


Table 9.6 Capacity Limited Pharmacokinetics : Effect of V,,,, on the Elimination of Drug 


Amount of Drug Time for drug elimination (hr) 
in body (mg) Vmax = 150 -Vmax 7100 


Km = 30 mg/L Dose = 300 mg 
Table 9.7 Capacity Limited Pharmacokinetics: Effect of Km on the Elimination of Drug 


Amount of Drug Time for drug elimination (hr) 
in body (mg) Km = 30mg/L Km = 60 mg/L 


V = 150 mg/hr Dose = 300mg 


www.webofpharma.com 


Nonlinear Pharmacokinetics 299 


It can be seen from Table 9.7, that an increase in Km value increases the time required 
for the drug to come to a certain amount in body (the rate of elimination of the drug is 
decreased) at constant Vmax for a given dose. 


Equation 9.18 adequately describes the plasma concentration-time profiles of drugs 
that follow a one compartment open model with a capacity limited elimination. The 
mathematics needed to describe nonlinear pharmacokinetic behavior of drugs that follow 
a two compartment model and/or have both combined capacity limited and first-order kinetic 
profiles are very complex and have little practical application for dosage calculations and 
therapeutic drug monitoring. 


Drug Clearance 


The total body clearance of a drug that follows one compartment model and nonlinear 
kinetics according to Michaelis-Menton equation, is dependent on time and plasma 
concentration. It means, total body clearance changes with respect to time and plasma 
drug concentration. Within a certain drug concentration range, an average or mean 
clearance (Cl,,) may be determined for the given dose. The Cl, is dose dependent since 
drug elimination follows Michaelis-Menton equation. Mean clearance, Cl, can be obtained 
using the area under the curve for a given dose. 


Area under the curve [AUC],* 


F. Dose 9.21 
~ Clearance i 
F.D 
or ay = -o 9.22 
[AUC], 
F = Fraction of the dose absorbed. For I.V. bolus, 
Cl,, = Dose/f[AUC],* 9.23 
According to Michaelis-Menton equation, 
eC 2 me 9.24 
dt Km+C_ 
inverting and rearranging equation 9.24 yields. 
Km C 
C. dt = V dC + V dC 9.25 


Integration of equation 9.25 between the limits of t = 0 to t = œ results in the following 
equations 


x 


Í C. dt = (Km CO)/V 
0 


+ (C02)/2V max 9.26 


max 


x 


f C.dt = [AUC],* = (CO/V 


0 


) [Km + CO0/2] 9.27 


max 
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Mean clearance, Cl, = Dose (D0)/[AUC],* 
Clay = (Vd Vinay)/(Km+C0/2) 
Because CO = DO/Vd, 
Clay = (Vd. Vmax)/ (Km + D0/2Vd) 9.28 


Alternatively, clearance (CL,) can be calculated by dividing the small amount of the 
drug eliminated by the plasma drug concentration. 
Vd. dC/dt 


i 9.29 


but dC/dt Se 


Vinax C 1 Vd. V 
CL, = Vd. — = x — = —_™ 
t (Km+C) C Km+cC 
It means the clearance of a drug that follows nonlinear pharmacokinetics is dependent 
upon the plasma concentration C, Km and Vmax 


Equation 9.28 calculates the average clearance (Cl,,) for the drug after a single 
I.V. bolus dose over the entire course of the drug in the body. For any time period, total 
body clearance may be calculated using the equation given below. 


dXe/dt 
t = C 9.31 
Where, dxe/dt is the amount of the drug eliminated in a given time and C is the plasma 
drug level. 


9.30 


9.3 One Compartment Open Model - Pharmacokinetics of Drugs Eliminated 
by Nonlinear Processes 


Equations can be developed for other routes of administration and mixed drug elimination 
(drug may be eliminated by both nonlinear and linear processes), for drug that follows 
a one compartment model. Absorption kinetics and elimination processes have to be 
considered in developing equations for extravascular administration of a drug. 


Mixed Drug elimination 


Drugs may be metabolized by several parallel processes to several different metabolites. 
Let us consider a drug that is metabolized by two parallel processes. 


P 1 
— Metabolite 1 

i 
Process2 Metabolite 2 
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Enzymatic conversion of a drug into metabolite by process 1 is saturable. Hence, 
the rate of drug metabolism of process 1 follows the first order kinetics at a lower concentration, 
becomes mixed at a higher concentration and approaches zero order at a very high 
concentration of the drug. 


Enzymatic conversion of a drug by process 2 is non-saturable at therapeutic 
concentrations of the drug and hence, the rate of drug metabolism by process 2 can be 
described by first-order kinetics. 


For example, sodium salicylate is metabolized to both glucuronide and glycine conjugate 
(hippurate). The rate of formation of glycine conjugate is limited by the amount of glycine 
available. Thus, the rate of formation of glycine conjugate is capacity limited (nonlinear) 
whereas the rate of formation of glucuronide continues as a first-order process. 


Following an !.V. bolus of a drug, the rate of change in drug concentration for a 
drug eliminated by both the first order kinetics and nonlinear kinetics (Michaelis-Menton 
kinetics) is given by 


- —— =KC+ —— 9.32 


Where, K is the first order rate constant representing the sum of all first-order rate 
constants for elimination. Therefore, the product of K and C is the rate of elimination 
of the drug by all first-order processes. 


First-Order Absorption and Capacity Limited Elimination 


The rate of change in the amount of a drug in the body following extravascular administration 
(e.g. oral administration) of the drug is equal to the rate of absorption minus the rate of 
elimination. 


2 eke xa- mà 9.33 
q ^a ^a- km+X i 


Where, dX/dt is the rate of change in the amount of the drug in the body, Xa is the 
amount of the drug available at the absorption site, Ka is the first order absorption rate 
constant and X is the amount of the drug in body. Equation 9.33 can be written in 
concentration terms as 

dC V nax C 
D -Kat _ max ~ 
dt Ka Cae Km+c 9.34 


Ca = concentration of drug at the absorption site. 
If the elimination of a drug occurs by parallel processes consisting of both linear 
and nonlinear pharmacokinetics, Equation 9.34 may be extended to Equation 9.35. 


dC Vn C 
=a -Kat _ max ~ _ 9.3 
di Ka Ca e Km+C KC 5 


Where, K is the first order rate constant. 
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Zero-Order Input and Nonlinear Elimination 


Drugs given as |.V. infusion represent a zero-order input in addition to certain sustained 
action dosage forms administered by extravascular routes. For drugs which enter the 
systemic circulation at a constant rate and eliminated by a nonlinear process, the equation 
that describes the rate of change in the plasma drug concentration is given by 

dC KO Wee © 

dt © Vd Km+C =e 

Where, KO is the zero-order rate constant and Vd is the apparent volume of distribution 

of the drug. 


If the drug is eliminated by parallel pathways of both linear and nonlinear 
pharmacokinetics, the following equation may be used to calculate the rate of change in 
the plasma drug levels. 

dc KO VC 
a Va” Knee eet 


Where, K is the overall first-order rate constant. 


Nonlinear Absorption and Nonlinear Elimination 


If both drug absorption and elimination processes are saturable at the therapeutic dose 
level, the following equation may be useful in estimating the rate of change in the plasma 
drug concentration. 

dC (Vinax Ja Ca Vmax C 


dt T (Km),+Ca  Km+C one 


Ca = Concentration of drug at the absorption site 
C = Concentration of drug in plasma. 


Where the first part of Equation 9.38 represent a capacity limited rate of absorption 
and the second part represent the nonlinear elimination of the drug. 


9.4 Other Factors Responsible for Nonlinear Pharmacokinetics 


There are other factors which contribute to nonlinear pharmacokinetics of a drug in addition 
to capacity limited absorption and elimination. 


Solubility 


Oral administration of relatively large doses of.drugs with a low aqueous solubility may 
exhibit a dose dependent pharmacokinetics due to dissolution. Small doses can undergo 
dissolution during transit time through the G.I.T. and may be absorbed completely. When 
large doses are administered, the amount of the drug absorbed may not be proportional 
to the administered dose because of poor aqueous solubility, dissolution and a fixed transit 
time through the gastrointestinal tract. An example is griseofulvin (Fig. 9.15). For this 
sparingly soluble drug (aqueous solubility in 10 mg/l), bioavailability decreases as the dose 
is increased from 250 to 500 mg. 
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Griseofulvin plasma level/Dose 


Time in hours 
Fig. 9.15 Plasma concentration of griseofulvin, normalized to a dose, as a function of time 
following an oral administration of 250mg and 500mg of ultra micronized griseofulvin. 


Table 9.8 Examples of Drug Showing Saturated First-Pass Metabolism in the Liver or Gut 
Wall After Oral Administration of Therapeutic Doses 


Alprenolo! Propronolol 
§-fluorouracil Salicylamide 


Nicardipine Verapamil 
Propoxyphene 


Saturable First-Pass Metabolism 


Saturable first-pass metabolism occurs for a number of orally administered drugs that are 
highly extracted by the liver or intestinal tissue. Examples are listed in Table 9.8. For 
several of these drugs, dose dependence on bioavailability is observed without an apparent 
change in elimination half-life. This behavior can be understood by realizing that the amount 
of the drug reaching liver during absorption with low doses of the drug is not sufficient 
to saturate the enzymatic process and hence, the first-pass metabolism rate is proportional 
to the amount of the drug entering the liver (first-order process). With large doses of 
the drug, the amount of the drug entering the liver is greater than the metabolizing capacity 
of the enzymatic system and hence, a capacity limited first-pass metabolism (zero-order 
kinetics) is observed. Therefore, an increase in the dose above the saturable dose, increases 
the bioavailability of drugs that undergo the first-pass metabolism. 


Saturability of plasma protein and tissue binding: A limited number of sites exist on 
plasma proteins. Table 9.9 shows the concentration of plasma proteins available for binding. 
Average plasma concentration of albumin is 43 g/L or 600 mM. At one binding site per 
albumin molecule, there is a limiting concentration of 600 mM for the bound drug. For 
a, acid glycoprotein, the limitation occurs at about 15 mM, a much lower concentration. 
The sites to which drugs bind in the tissue may be similarly limited. Consequently, the 
volume of distribution depends on drug concentrations, a concentration-dependent 
behavior. 
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Table 9.9 Representative Proteins to Which Drugs Bind in Plasma 


Molecular Weight (g/mole) Normal concentrations 
g/L uM 


Albumin 67,000 500 - 700 


a-acid glycoprotein 42,000 9 - 23 
Lipoproteins Cortisol 2,00,000 - 24,00,000 Variable 
binding globulin (transcortin) 53,000 0.6 - 1.4 


For drugs that show a saturable binding to plasma proteins, the volume of distribution 
is expected to increase with the plasma concentration. This is because of the fact that 
unbound (free) drug concentration increases after saturation, which is available for 
distribution. Conversely, for drugs that show a saturability in biding to the tissues, the 
volume of distribution decreases as the plasma concentration is increased. Dose 
dependence in distribution may be difficult to identify and quantify unless plasma protein 
binding is measured. This is because of the dependence of drug distribution on the fraction 
of the drug unbound in plasma and the dependence of the half-life of the drug on both 
clearance and volume of distribution. Drugs that are protein bound must dissociate into 
a free or unbound form to be eliminated by glomerular filtration and by biotransformation. 
The nature and extent of drug-protein binding affects the magnitude of deviation from normal 
linear or the first-order elimination rate process. 


Let us consider a hypothetical situation wherein two drugs are given by an I.V. bolus 
in equal doses. One drug is 90% protein bound whereas the other drug does not bind 
to the plasma protein and both are eliminated solely by glomerular filtration through the 
kidney. 


The plasma concentration-time curves of two drugs are shown in Fig. 9.16. The 
protein-bound drug is more concentrated in plasma than the drug that is not protein-bound. 
Free drug concentration of protein-bound drug is low and hence, its elimination rate will 
be slow when compared with the drug that does not bind to plasma protein. Further, the 
protein-bound drug shows a nonlinear elimination whereas the drug that is not bound to 
the plasma protein shows a linear elimination (Fig. 9.16). 


Plasma drug ivel 


Time in hours 


Fig. 9.16 Plasma drug level-time profile of two drugs given in equal doses. Curve A represents a 
drug 90% bound to plasma protein. Curve B represents a drug not bound to plasma protein. 
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A careful examination of curve A reveals that the slope of the bound drug decreases 
gradually as the drug concentration decreases. It means that the free drug concentration 
decreases and bound-drug concentration increases as the total drug concentration in plasma 
decreases. In other words, the ratio of the bound-drug to free drug is not constant but 
increases at a low plasma concentration of the drug. Therefore, fitting the plasma 
concentration-time data of a protein-bound drug into a simple one compartment model 
without accounting for protein binding results in an erroneous estimation of volume of 
distribution and half-life. Apparently, a plot of plasma concentration of drug-time curve 
resemble a two compartment model. Some times, plasma data for drugs that are highly 
protein bound have been inappropriately fitted to two compartment models. f 


9.5 Drugs With Protein Binding - One Compartment Open Model 


Drugs that bind to the plasma proteins exists in a bound form and free form. Only a free 
form of the drug is available for metabolism, excretion and is responsible for the observed 
pharmacological response. However, there exists an equilibrium between the bound drug 
and free drug in plasma. As the free drug concentration in plasma falls due to elimination, 
the equilibrium is disturbed and re-established by the dissociation of the protein - drug 
complex to release the free drug. However, the fraction of the bound drug is not constant 
throughout the concentration change, resulting a nonlinear elimination kinetics. 


Let us consider a drug that binds to the plasma protein. At equilibrium, 


K, 
P + Cf PD 9.39 
K, 
Dissociation constant 
Kd = K,/K, = Per 9.40 


Where: 


[PD] = Concentration of drug-protein complex, which is also equal to the 
concentration of bound drug (Cb) or bound protein (Pb) at 1 : 1 binding 


condition. 

[P] = Concentration of free protein or unbound protein. 
Cf = concentration of free drug 
Therefore the total protein concentration, Pt is given by 

Pt = P + Pb 9.41 
Total drug concentration, Ct is given by . 

Ct = Cf + Cb 9.42 
Now, the dissociation constant, Kd, can be expressed as 

Cb 

Kd = (Pt-Cb) Cf 9.43 

Since [Pt] - Cb = [P] 
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Equation 9.43 can be rearranged as follows: 


Pt Cf 
Cb = Ct - Cf = Kd aC 9.44 
Equation 9.44 can be written as a quadratic equation (ax? + bx + c = 0) 
- Cf? - (Pt + Kd - Ct) Cf + KdCt = 0 9.45 
Solving for Cf, (root of quadratic equation) 
l 
cf= 5 [- (P + Kd - Ct) + (P + Kd - Ct)? + 4 KdCt 9.46 


The rate of drug elimination from the plasma is proportional to the free drug 
concentration (Cf) in plasma. Therefore, 
dc 


a K.Cf 9.47 


where K is the elimination rate constant of the drug. Substituting the value of Cf, 
we get 


K 
77g b (P+ Kd - Ct) + (P + Kd - Ct)? + 4 KdCt 9.48 


This equation is not easily integrated but could be solved by means of a numerical 
method. 


Nonlinear elimination pharmacokinetics of a drug with protein binding is observed 
at higher doses, since the free drug in plasma is high and hence the elimination rate is 
also high, initially. At low doses, an apparent first order kinetics may be observed. As 
the dose of the drug is increased, the free drug concentration increases slowly. But at 
higher doses beyond the dose required to saturate protein binding, the free drug 
concentration incredses abruptly and may precipitate the toxic effects. Therefore, in order 
to make sure that the patient receives a proper dose it is necessary to calculate the free 
drug concentration, taking the protein binding into consideration, 


9.6 Time-Dependent Pharmacokinetics 


The study of changes in response to drug administration or kinetics with the time of day, 
month, or year is an area called chronopharmacology. Chronopharmacokinetics describes 
the changes in drug absorption, distribution, and/or elimination due to normal physiological 
circadian rhythms. For example, diurnal variations in renal function, urine pH, a,-acid 
glycoprotein concentration, gastrointestinal physiology (food and drink), and cardiac output 
all occur. An example of diurnal changes in absorption and distribution of verapamil is 
shown in Fig. 9.17. Note that administration in the evening produces a lower peak drug 
concentration and, as such, may produce less effect than drug administration in the morning. 
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Plasma verapamil concentration (ug/ml) 


Time in hours 


Fig.9.17 Mean plasma verapamil concentration time profile for eight subjects, each given a 
single 80mg tablet of drug at 8.00 am. and 8.00 pm. 


Time-dependent pharmacokinetics involves an alteration in the biochemistry in an 
organ or physiologic change in the patient. Repetitive doses of a drug may cause a 
biochemical change in the levels of biotransformation enzymes. (autoinduction or 
autoinhibition). Repeated doses of carbamazepine induce (increase) the enzymes 
responsible for its elimination, thereby increasing the clearance of the drug. This is called 
autoinduction. This autoinduction is also a dose and concentration dependent, a property 
common to many time-dependent processes. 


Autoinhibition may occur during the course of metabolism of certain drugs. In this 
case, the metabolites formed increase in concentration and further inhibit metabolism of 
the parent drug. In biochemistry, this phenomenon is known as product inhibition. 
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Likely Questions 


1. 


ay, SN 


10. 


What are the reasons for a nonlinear behaviour of the drugs? 

What are the characteristics of an active transport? 

Derive Michaelis-Menton equation? 

Give the three linear equations obtained by rearranging the Michaelis-Menten equation. 


How do you estimate the values of Km and Vmax in patients by the Direct Method 
and by a Direct Linear Plot? 


Develop an equation for the first-order absorption and capacity limited elimination 
for a drug that follows one a compartment open model. 


Give an equation for the rate of change in drug concentration in plasma (dC/dt) for: 


(a) Zero-order input and nonlinear elimination, 
(b) Nonlinear absorption and nonlinear elimination. 


Define dose-dependent ‘and time-dependent pharmacokinetics. 


A new antibiotic is found to be eliminated from the body by nonlinear pharmacokinetics 
and has a Km of 100 mg and a Vmax of 50 mg/hr. If 400 mg and 320 mg are administered 
to a patient on different occasions, calculate t,,. of the drug at different dose levels. 
What is your comment on the result? 


The drug phenytoin is administered to a patient at the dosing rates of 150 mg and 
300 mg/day, and the steady-state plasma concentrations found are 8.6 mg/L and 
25.1 mg/L, respectively. Find the Km and Vmax of this patient by Direct method. 
What would be the dose required to achieve a steady-state concentration of 11.3 
mg/L? i 
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Non Compartmental Pharmacokinetics 


So far, the kinetics of drug absorption, distribution, metabolism and elimination are 
quantitatively evaluated based on compartment models. The concentration of a drug in 
biological specimen versus time data is used for the estimation of various useful 
pharmacokinetic parameters based compartment models. Compartment models are 
developed based on certain set of assumptions regarding the drug movement in the body. 
The observed data is fitted into an equation that describes a particular compartment model 
and the parameters are estimated. There exists an inherent variability in these estimated 
parameters due to variability of the biological system. The magnitude of variability depends 
on how best the observed data fits into the proposed compartment model. In addition, 
the number of subjects used in the study are limited, hence, the estimated parameters 
may not be the representative of the population. 


inspite of inherent variability in the estimated pharmacokinetic parameters based on 
compartment model, these parameters are useful in describing the drug concentration- 
time profile of a drug, duration of action of the drug, improving drug therapy and efficacy, 
therapeutic drug monitoring, minimizing toxicity and adverse reactions, and designing new 
drug delivery systems. 


It is possible to estimate some important parameters that are useful in understanding 
drug absorption, distribution and elimination in the body without assigning any compartment 
model to the observed time course of drug levels in biological fluid i.e., non-compartmental 
pharmacokinetics. The basic assumption in noncompartmenta! or model independent 
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approach is that the drug elimination occurs by the first-order process. One of the model 
independent approaches is based on the statistical moment theory and the other is a 
physiologic model. 


10.1 Statistical Moment Theory 


Statistical moment theory is useful in studying the time related changes in macroscopic 
events. A macroscopic event is considered as the over all event brought about by the 
constitutive elements involved. The change in plasma concentration of a drug with time 
is a macroscopic event. This change is because of the elimination of a group of molecules 
at different time points of measurement. The drug molecules are called constitutive elements. 


Let us consider an example to understand the statistical moment theory. 10 milligrams 
of a drug with a molecular weight of 200g/mole are injected intravenously. The number 
of molecules injected are equivalent to 3.0115 x 1019 [0.01 g/200 x 6.023 x 1025 (Avogadro’s 
number)]. These drug molecules spend different times within the body. Some are eliminated 
rapidly, others stay for a long time. Consider the elimination of these molecules from the 
body in groups from 1 to m, each group containing a different number of molecules, n, 
and spending a different residence time, t. The mean residence time (MRT) is the average 
time the total number of molecules introduced (N) reside in the body. 


Total residence time for all drug molecules in the body 


MRT = 10.1 
Total number of drug molecules 
b ni t, 
Therefore, MRT = == 10.2 
2n; 
i=l 
m 
niti 
or MRT = EE 10.3 


Where, n; is the number of molecules and t, is the residence time of the i group 
of molecules. 


The number of molecules eliminated can be expressed in terms of the amount of 
the drug (mg) eliminated in each group and the following equation may be written, 


b> Xe; ti 
MRT = “{—— 10.4 
2 Xe; 


Where Xe, is the mg of the drug eliminated in it group. The summation of Xe, give 
the I.V. dose (X0). Drug molecules may have a residence time ranging from values near 
to zero to very large values. The summation approach to calculate the MRT is only an 
approximation, since the number of groups may be large. Further, in order to get an accurate 
estimation of the MRT, data must be collected continuously in order not to miss any group. 
When a data or function needs to be continuously summed over time, integration is an 
accurate method than a simple summation method. 
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10.1.1 One Compartment Model - I.V. Bolus 


Unchanged drug in blood / plasma : Let us apply this statistical moment theory for 
a drug that follows one compartment model. The drug concentration in plasma following 
an I.V. bolus dose is given by, 


0 
C= = ett 10.5 
or X = X0 ett 10.6 


Where, X0 is a I.V. bolus dose, Vd is the volume of distribution of the drug, CO is 
the zero time concentration of the drug in plasma, X is the amount of the drug in body 
at any time t, C is the concentration of the drug in plasma at any time t, and K is the 
apparent first-order elimination rate constant. 


The MRT is determined more rapidly after an |.V. bolus dose than after any other 
mode of drug administration. Here all the molecules of the dose start their residence in 
the body at the same time, thus for each group, t; is the time between drug administration 
and elimination. 


The rate of change in the amount of a drug in the body with respect to time, 
dX/dt, reflects the rate at which the drug molecules leave the body at any time t. All the 
molecules are eliminated from the body from t = 0 to infinity. The derivative of 
Equation 10.6 results in an equation that describes the, dX/dt. 


dX/dt = -K X0 e*t 10.7 
Alternatively, the rate of drug molecules exiting at any time t is given by, 

dXe/dt = - dX/dt = K X0 e*t 10.8 
Rearranging the Equation 10.8 gives, 

dXe = K X0 e*t dt 10.9 


Wherein, dXe is the amount of the drug (or number of molecules) leaving the body 
at any time t. Therefore, multiplication of Equation 10.9 by t on both the sides gives the 
residence of the drug leaving with a residence time of t. 


dXe t = K X0 e*t t dt 10.10 


Integration of Equation 10.10 between the limits of t = 0 to œ gives the total residence 
time for all drug molecules in the body and a division by the total number of molecules 
(I.V. dose), estimates the mean residence time (equation 10.11). 


f axe vxo = Í (k xoe*t t anxo 10.11 
n 0 
MRT = | Ke*tat 10.12 


0 
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Division by the dose in Equation 10.11 normalizes the differential function that 
represents the drug amount (or concentration) in the body. Thus, the MRT is an 
integrated normalized form of the differential function representing the drug amount (or 
concentration) in the body. When the function is normalized it becomes dimensionless 
with regard to unit. 


Equation 10.11 is developed in terms of the amount of the drug in the body. An 
equation that allows a calculation of the MRT with a plasma concentration can be written 
by substituting CO Vd for an I.V. dose, XO. 


Q a 
faxer fk CO Vde" tdt 
0 0 


= Le 10.13 
X0 C0 Vd 


a 
[x COe*' tdt 


0 
MRT = CO 10.14 


Equation 10.14 can be used directly to calculate the MRT. It can be modified by 
dividing the numerator and denominator of Equation 10.14 by K to give, 


a 


f COe™ tdt 
MRT = 6 10.15 
C0/K 
But Co. e*t = C and CO/K = [AUC],* = Í C. dt, 
0 
therefore MRT = | C.t.dt/ Í C.dt e 10.16 
0 0 


The product of t. C is called the first moment of the concentration, because 
concentration is multiplied by time raised to the power 1. Therefore, the numerator is 
called the area under the (first) moment curve (AUMC), whereas the denominator is the 
area under the plasma drug concentration-time curve (AUC) and is called zero moment 
curve. The second moment of the concentration defines the variation in residence time, 
VRT (i.e., Variance of the distribution). Higher moments, such as third and fourth moment, 
represent skewness and kurtosis of the distribution. 


MRT of a drug after an I.V. bolus dose can be measured from plasma drug 
concentration-time data. AUC from 0 to t is calculated using the trapezoidal rule and the 
remaining AUC from last time point, t* to infinity is calculated using integration method, 
as shown below. 

[AUC],.* = C*/K 10.17 
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Where, t* is the last sampling time and C* is the cortesponding drug concentration 
in plasma. Therefore [AUC]; = [AUC] + [AUC]. The value of AUMC is calculated 
from the first-moment in a manner similar to that of AUC, but the extrapolated area after 
the last point (C* at t*) is different. In this case the area remaining can be shown to be: 


J e c dt = C tk + ek 10.18 
0 


Where K is the rate constant of the terminal decay of the plasma drug concentration. 


When the entire concentration-time profile can be described by a sum of exponentials, 
the area under the first-moment curve can be determined directly from the coefficients 
and exponential coefficients defining the equation. For example, for a drug that follows 
a two compartment model, the concentration of the drug in plasma following an I.V. bolus 
dose is C =A et! +B eft, then 


B 
P 


A 
AUMC = P + 10.19 


Fig. 10.1 Plasma drug concentration and first-moment versus time curves following |.V. bolus 
dose. 


Figure 10.1 shows the plots of zero-moment and first-moment curves following an 
LV. bolus dose of a drug. The drug plasma concentration declines with time but the first- 
moment, production of time and concentration, rises to a peak and declines with time. 
The area beyond the last sampling time is greater for the first-moment time curve than 
for the concentration-time curve. 


Urinary excretion data 


When the fraction of the drug excreted unchanged, fu, remains constant with time, the 
amount of the drug excreted unchanged in urine in infinite time, X,“ = (fu) (X0). Further, 
the amount of the unchanged drug excreted at any time t is equal to (fu) (Xe) (Xe is the 
amount of the drug eliminated by all possible pathways including renal at any time t). 
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Therefore, an equation for calculating MRT can be written as given below: 
(Xu -Xu dat 


MRT = 10.20 


Amount excreted unchanged (mg) 


Time in (hours) 

Fig. 10.2 shows the cumulative amount excreted unchanged, xt, at various times 
and the amount ultimately excreted unchanged, X,". The area between these curves is 
the numerator in Equation 10.20. For a given amount excreted unchanged, it is apparent 
that the area and therefore, the MRT are increased when drug remains longer in the body. 


Fig. 10.2 shows the cumulative amount excreted unchanged, xt, at vanous times 
and the amount ultimately excreted unchanged, Xu. The area between these curves is 
the numerator in Equation 10.20. For a given amount excreted unchanged, it is apparent 
that the area and therefore, the MRT are increased when drug remains longer in the body. 

Table 10.1 Plasma Concentration-Time, and Urinary Excretion-Time Data Following an 1w. 
. B Bolus Dose of a Drug (200 mg) 
Time | Plasma drug First-noment | Cumulative amount | Amount remaining 
(hours) | concentration of plasma 


(rmg/L) 


* Estimated by extrapolation on a semilogarhmic plot to zero time. 
= The cumulative amount excreted at infinite time. 
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10.1.2 MRT for One Compartment Model 


The MRT calculated by either Equation 10.16 or 10.20, is a measure of the average time 
a drug spends in the body after an I.V. bolus dose. When a drug is given by a constant- 
rate 1.V. infusion or by an extravascular route, the drug spends an additional time in the 
syringe or at the site of administration (e.g. gastrointestinal tract, muscle or subcutaneous 
tissues). The observed time, estimated from Equations 10.16 or 10.20, is then the sum 
of the mean times at these sites and in the body. Table 10.2 shows the mean input times 
(MIT) and observed mean total residence times for three common modes of a drug input. 


Table 10.2 Mean Residence Times for Selected Modes of Drug Input 


Observed mean 
residence time 


10.1.3 MRT for Multicompartment Model 


It is possible to calculate the MRT for a drug that has a plasma (central) compartment 
and one or more tissue or peripheral compartments, using plasma drug concentration- 
time data. The assumptions made in deriving the MRT of drugs that follow multi-compartment 
pharmacokinetics are (1) the drug elimination occurs only from the central compartment 
and (2) the total drug is eliminated by a linear process (constant clearance). The MRT 
of a drug that follows a multi-compartment model is the summation of the residence time 
of the drug in each compartment. 


MRT ogy = MRTe + MRT yy + MRT ip tec. +MRT,, 10.21 


Where, MRTc is the mean residence time of the drug in the central compartment 
and MRTti represents MRT in the tissue compartment. MRT ogy is the sum of MRTc and 
MRT in all tissue compartments. The body is treated as a single compartment irrespective 
of the number of compartments involved with regard to drug distribution. Hence, MRT pody 
is calculated from the plasma drug concentration-time data using AUMC/AUC as explained 
earlier. 


MRT for the Central compartment 


Let us develop an equation for the calculation of MRTc based on plasma (Central) drug 
concentration-time data 
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Let 

X0 = The I.V. bolus dose or drug at time zero. 

Xc = Amount of drug in central compartment from which drug is eliminated at time t. 
X, = The amount of drug eliminated to time t. 

Vic = Volume of distribution of drug in central compartment. 

C = Drug plasma concentration at any time t. 


Now, at any time t, the product of the amount of the drug eliminated dXe and the 
residence time t gives the residence time of that group. 


Residence time of a group at 
t = dXe t 10.22 


Integration of equation 10.22 between the limits of 0 to X,~ will yield the total 
residence time. 


Total residence time 


= i‘ t dXe 10.23 


Integration of dXe from 0 to X,* will give the total drug eliminated, which is equal 
to I.V. dose, XO. 


Qa 
f e€ dXe = X0 10.24 


MRT is obtained by dividing the total residence time (Equation 10.23) by the total 
drug eliminated (Equation 10.24). 


MRTc = ~_ 10.25 


The amount of the drug eliminated from the body at any time t is equal to the amount 
of the drug decreased in the central compartment. Therefore, if elimination occurs only 
from the central compartment, at any instant dt, 


dXe = - dX. Therefore, Equation 10.25 can be written as, 


e" O 
[ tdXe [tax 
MRTc = ~y ~ = 0 
i dXe fax 


Since, dX = dC. Vc, MRT in concentration terms, 


10.26 
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0 
fëvaac Vd dC _f dc 
MRTc = 
faac VddC f dC 


integration of dC with respect to plasma concentration from 0 to CO is equal to the 
integration of C with respect to time. 


10.27 


co 0 

Since J ac=-coand f tac= [-c.at 
0 

Equation 10.27 can be written as, 


ered came ols a 
e=- co CO : 


MRTc is known as the mean residence time or mean transit time for the central 
compartment. MRT pody is calculated using the equation AUMC/AUC. For a drug that follows 
two compartment model, the mean residence time for the tissue compartment, MRT,, can 
be obtained by subtracting MRTc from MRT ogy. 


MRT, = MRT „ogy - MRTC 10.29 
AUMC AUC 
MRT e ar 10.30 


Another way to calculate MRT pody according to statistical moment theory is based 
on Equation 10.14. 


a 
[cktd 


- 2 
MRT CO 10.31 


The concentration of drug in plasma (C) at any time t, following an I.V. bolus dose 
for a two-compartment model is 


n x0 (@- Ka) cot 4 KaB) oot 10.32 
e8) * ) | 
pe £- Ky) sa tp Ka -B) or, 
Therefore, MRT = e p) (2-0) K tat a 


co 


The MRT calculated using 10.33 agrees with the one obtained by AUMC/AUC. 
However, K (elimination constant from the central compartment) is not known from plasma 
data and hence equation 10.33 can not be applied directly. 
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Table 10.3 Shows the Equations for Calculating MRT for Two Compartment Model. 


I.V. Bolus (Kiz + K,,)/K,, K,, 


or [(1/a) + (1/B)] - (1/K,,) 
Oral Bolus]  (1/Ka) + (K,3 + Ky,)/Ky3 Koy 


10.1.4 Steady State Volume of Distribution 


MRT is useful in calculating the steady state volume of distribution and probably additional 
parameters in compartment models. MRT at steady state may be defined as the ratio 
of the amount of the drug in the body at the steady-state to the clearance rate. 
V ss C V ss 
a —d_ ~s = 
MRI CL, Cs Ch; 

Where V,5° is the steady-state volume of distribution of the drug, C,, is the steady 

state drug concentration in plasma and CL, is the clearance. 


Therefore, 


10.34 


V, = CL, MRT 10.35 


Realizing that CL, = dose /[AUC],~ following a single dose or Dose/[AUC],,? where, 
[AUC},,2 is the area under the curve at the steady-state during the dosage interval and 
MRT = AUMC/AUC, we can write, 


Dose AUMC 
Vss = ——_ 
d  f{AUC],* AUC 


Equation 10.36 is useful in estimating V}. MRT values for the central and tissue 
compartments gives an idea about the drug residence time in the central and tissue 
compartments that are useful for understanding the duration of the drug action. For example, 
for drug digoxin, MRT for the body 49.5 hours, for the central and peripheral is 3.68 hours 
and is 45.8 hours, respectively. The peripheral MRT is the mean total time the drug molecules 
spend in the peripheral tissue, considering the first as well as possible subsequent entries 
into the peripheral tissue from the central compartment. 


10.1.5 Mean Absorption Time (MAT) and Mean Dissolution Time (MDT) 


10.36 


Following an extravascular administration of a drug solution, the observed total MRT is 
the sum of MRT in the body due to elimination and the mean absorption time (MAT). Following 
an !.V. bolus dose of a drug, the observed MRT is only due to the elimination of the drug. 
Therefore, the mean absorption time can be determined from the difference between MRT 
values after extravascular and |.V. bolus doses given on separate occasions. 


MRT ora = MAT + MRT, 10.37 

MAT = MRT,,,, - MRT;, 10.38 
Realizing that MRT y for one compartment model = 1/K, 

MAT = MRT,,,, - 1/K 10.39 


oral 
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In some cases, I.V. data are not available or not used as a reference, but data obtained 
with drug solution may be used to calculate the mean dissolution time (MDT) or mean 
in vivo dissolution time for a solid dosage form. After giving a solid dosage form, the MRT 
includes time for dissolution of a drug, in addition to the absorption and elimination of 
drug. 


Therefore, the mean dissolution time for a solid product is 
MDT soid = MRT solid = MRT solution 10.40 


Equation 10.40 allows the calculation of in vivo dissolution time of a solid dosage 
form that could not be calculated past. MDT is considered a model independent because 
MRT is model independent. MDT for drugs that follow one compartment model is readily 
estimated. MDT is used to study the comparative bioavailability of generic product and 
to make in vitro dissolution versus in vivo bioavailability comparisons. MDT is useful in 
correlating in vitro dissolution results and in vivo bioavailability of sustained release-drug 
products. 


10.2 Physiological Pharmacokinetic Model 


Physiologic pharmacokinetic models are mathematical models describing drug movement 
and disposition in the body based on blood flow and the organ spaces penetrated by the 
drug. The human body is composed of organ systems which are made up of tissues. 
The blood supplies nutrients and oxygen through the circulatory system, consisting of arteries 
and veins. The fluid inside the cell is called intracellular fluid and the fluid in which they 
are bathing is called extracellular fluid. Hence, the blood capillaries are in direct contact 
with the extracellular fluid (Fig. 10.3). Once the drug enters the systemic circulation, it 
is carried to all the tissues. The drug in blood diffuses into and equilibrates with the 
extracellular fluid rapidly. Some drugs may cross the cell membrane into the interior or 
fluid (intracellular fluid) of the cell. The drug accumulation in an organ depends on the 
blood flow rate into the organ and the rate of uptake of the drug. The amount of drug 
in an organ depends on 


1. The size of the organ, into which the drug distributes. 

2. The partition coefficient of the drug between the organ and the circulating blood, 
3. The blood flow to the organ, and 

4. The extent of protein binding of the drug both in plasma and in tissue. 


Figure 10.4a shows the concept of drug distribution and elimination as per physiologic 
model. First, the drug enters the extracellular fluid and rapid equilibrium is achieved between 
the drug in the blood and the extracellular fluid. Transfer of the drug into the cell depends 
on the permeability of the cell wall to the drug molecules. The drug that enteres the interior 
fluid of the cell may bind to the macromolecules present in it leading to high amounts of 
drug accumulation within the cell. A particular organ in the body may act as a site of 
distribution or as a site of both distribution and elimination. (Fig. 10.4a and10.4b). The 
relative importance of the various organs as storage and/or elimination sites depend on 
how fast the drugs get to each organ and how much space or volume is available to hold 
the drug. Table 10.4 presents a compilation of the tissue weights, rates of blood flow 
and the weights of blood in an equilibrium with the tissues for a standard man. 
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Intracellular Extracellular fluid 
fluid 


K 


^ Venule 
Arteriole Blood capillary 


Fig. 10.3 The blood capillaries and tissue cells are in contact with each other. 
Distributive Organ 


Q, Cart Extracellular fluid Q, Cvein 
Intracellular fluid 


Artery Vein 


Blood pool 
| Elimination 
Q = Rate of blood flow; Cart = Drug concentration in artery; Cvein= Drug concentration in vein. 
Fig. 10.4 (a) Physiologic pharmacokinetic model - Drug distribution to an organ. 


Distributive Organ 


Extracellular fluid 
Intracellular fluid 


Q, Cart Q, Cvein 


Artery Vein 


. | Elimination 
Q= Rate of blood flow; Cart = Drug concentration in artery; Cvein= Drug concentration in vein. 
Fig. 10.4 (b) Physiological pharmacokinetic model - Drug distribution to an organ that elimiates 
the drug. 


www.webofpharma.com 


Noncompartmental Pharmacokinetics 321 


Table 10.4 Tissue Weights, Rates of Blood Flow, and Weights of Blood Equilibrium With the 
Tissue for a Standard Man (Body Weight 70.0 kg, Body Surface Area 1.8 m?, and Cardiac 
Output 3.5 Liters/min/m? (6.3 liters/min) 


Tissue Weight (gm) | Blood flow Blood flow (Percent Blood in 
(mg/l00 g/min); of cardiac output) | equilibrium (g) 


Adrenal glands 

Thyroid glands 

Kidneys 

Heart 

Brain 

Prostate 

Red marrow 

Lymphoid tissue 

Liver + Portal system 

Testes 40 
Spinal cord 30 
Skin and 6100 
subcutaneous tissue 

Muscle 30,000 
Bladder 150 
Yellow marrow 1500 
Adipose tissue 10,000 
Skeleton (less marrow) 7000 
Gastrointestinal* fill 1635* 
Teeth 20 


* Not included in 70 Kg total body weight 
** Negligible flow, assumed to be zero for purpose of calculation 


The various regions of the body are listed in decreasing order with respect to the 
blood flow per unit mass of tissue (adrenal glands highest and bone cortex lowest). The 
rate of blood flow describes how fast a drug can be delivered to a body region per unit 
mass of tissue, and reflects the relative rates in which tissues may be expected to come 
into equilibrium with the blood. How much a drug can be stored or distributed into a tissue 
will depend on the size of the tissue and the ability of the drug to concentrate in the tissue 
(i.e. the partition coefficient between the tissue and blood). 


Partition coefficient of drug in the tissue ( Pi....); 


concentration of drug in tissue, C issue 


concentration of drug in blood, Cyoo4 


Therefore, P = Ciissue’Cbiood 10.41 


tissue 
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10.2.1 Blood-Flow Limited Model or Perfusion Model 


In its simplest form, a physiological pharmacokinetic model considers that the drug 
concentration in a tissue depends on the blood flow to the tissue and is called blood-flow 
limited or perfusion model. The rate of the blood flow to the tissue is Qt (ml/min), and 
the rate of change in the drug amount with respect to time is expressed as 


d (Viissue: Crissue)/dt = Qt (C in 7 Cout) 10.42 

d (Viissue Ciissue)/dt =Qt (Con r Cein) 10.43 

Where, Viissue iS the volume of distribution of the drug in the tissue, Cissue is the tissue 

of the drug concentration, C y is the arterial blood drug concentration and Cein is the 


venous blood drug concentration (Fig. 10.4 a and b). Qt represents the volume of blood 
flowing through a typical tissue organ per unit time. If a drug uptake occurs in tissue, 
the drug concentration in the arterial blood will be greater than the drug concentration 
in venous blood. The difference in drug concentrations of the arterial and venous blood 
multiplied by the blood flow gives the amount of the drug taken up by the tissue. In the 
blood-flow-limited model, the concentration of the drug in the tissue and the drug 


concentration in the venous blood are in equilibrium. C sin may be calculated from the 


ratio of the drug in the tissue and blood i.e., C ein = Crissue/Prissue (according to Equatioin 
10.41). Substituting C ein value in Equation 10.43, 
d (Viissue: Ctissue)! dt = Qt [Car ~ (C tissue” Prissue) 10.44 


Equation 10.43 describes drug distribution in a distributive (non eliminating) organ 
or tissue. Drug distribution to the muscle, adipose tissue, and the skin may be written 
as below 


Muscle: d (V Yat = Qmuscie [C muscie g (C muscle muscle )] 10.45 
Adipose tissue: d (Vadipose' Cadipose 


dt = Qadipose [C dipose = (C adipose” P adipose)! 10.46 

Skin: d (Vein © Coin At = Qkin [Cskin - (Cerin! P skin) 10.47 

For tissue organs in which the drug is eliminated (Fig. 10.4b), parameters representing 

drug elimination from the organs are added to account for drug removal. It is obvious 

that an organ can not clear the drug from the blood any faster than the drug is delivered 

to the organ via the blood flow. The drug clearance by an organ or tissue called organ 
clearance is given by 


/P 


muscle’ C muscle 


CLargan = QO CaSe = Qo Eo 10.48 
art 

Equation 10.48 indicates that organ clearance may be defined as the product of 
the blood flow to the organ, Qo, and the extraction ratio, Eo. The blood flow and the 
extraction ratio appear to be independent parameters controlling drug clearance. However, 
a good deal of experimental evidence suggests that the extraction ratio decreases with 
an increasing blood flow. Based on a perfusion model, the extraction ratio of an eliminating 

organ could be defined as, 


Eo = CL, (Qo + Clin) 10.49 
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Where, CL,,, in the intrinsic clearance of the organ, that is, the maximum ability of 
the organ to remove the drug from the blood when there are no flow limitations. Substituting 
Equation 10.49 into Equation 10.48 gives, 

CL 


Corgan = Q0 oye) 10.50 


When the intrinsic clearance of an organ is very high compared to the blood flow 
(i.e., CL n >> Qo), the extraction ratio approaches 1 (i.e., Qo in the denominator is negligible) 
and cL. an ~ Qo., Thus, for a drug cleared exclusively in the liver, the maximum blood 
clearance would be 1580 ml/min. and the maximum renal clearance would be 1240 ml/ 
min. 

The total drug taken up by an eliminating organ is not present in the tissue since 
some fraction of the total drug undergoes elimination either by metabolism (liver) or excretion 
(kidney). Therefore, the rate of change of drug levels in an organ or tissue which eliminates 
the drug is given by the following equation, 


= CL INN 
d (Viissue-Ctissue)/At = Qt [Cart g (Ciissue/Pussue)] . Crissue nssue 10.51 
tissu 
The rate of drug elimination by kidneys is = 
d (VC. Vat = 0... [Cha - (CP. = C Chia 10.52 
(Vkia-Crio)/dt = Qxig [Cria - (Cria/Priad] kid Prag : 


In case of the liver blood flows from the G.I. tract, spleen in addition to direct blood 
flow to liver (Fig. 10.5). Therefore, the rate of drug elimination by the liver may be described 
as below, 

d (Vij, Cyy/dt = Ciy (Qiy - Qg, - Asp) + Qui (Cgi Pg) + 

Qs, (C,,/P 55) 7 Qiy (C [Piv) T Civ (Chin Priv ) 10.53 

The lung is unique because the perfusion from the heart is by the venous blood. 
The blood from the lungs flows back to the heart through the pulmonary artery. Therefore, 
the terms in Equation 10.54 describing lung perfusion are reversed compared to those 
for the perfusion of other tissues. 


d (Viung: Ciyng)/dt = Qiang [Ciung Piung) ° Ciungl 10.54 


Since a number of drugs partition readily into the lung, the large blood concentration 
of the drug entering the lung following an !.V. bolus injected is damped, with the lung serving 
as a reservoir that releases the drug back into the general circulation, when the drug is 
cleared from the blood by a hepatic or renal mechanism. It should be remembered that 
the lung may also serve as a metabolic site for certain drugs and as an excretory route 
for compounds with a high vapor pressure. Thus, drugs given by the !.V. route may not 
necessarily be completely available to the sites of action since a certain fraction of the 
drug could be eliminated by the lung before going into the general circulation. This might 
be called a lung first-pass effect. In such cases lung clearance term should be included 
in the equation in addition to lung tissue distribution. 


liv 


liv 
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The mass balance equation for the rate of change in drug concentration in the blood 
pool is as follows. 


d (Vs C,)/dt = Q musce’ Cmuscle’P muscle 
i Qadipose C adipose’ P adipose 
+ Qgkin Sgkin!P skin * Qtiv Ciiv/Priv 
+ Qkig Cxia!Pria * Qhung Ciung/Piung 
- Q, C, (blood) 10.55 


The above differential equation describes the blood-flow limited model as is solved 
through computer programs. Because of the large number of parameters involved in the 
mass balance, more than one set of parameters may fit the experimental data. 


Q Brain 
———= <—_—_—- 
L 


Heart 
<A tert] o 


‘ Q Muscle 


UŘ 


Q Kidney 
a 
> Q Spleen E 
Q Liver 
S Liver Ai 
GIT 
Q GIT 
l Bone 
— 
Q Adipose 


—— 
Ski 
a Io 
Fig. 10.5 Schematic representation of physiolobical pharmacokinetic model. 


Since it is possible to obtain the tissue concentrations of the drug and tissue partition 
coefficient in animals, physiologic pharmacokinetic models may yield more realistic and 
reliable information. However, lack of tissue data in human experiments lead to little use 
of physiologic pharmacokinetic models in human pharmacokinetic studies. 
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10.2.2 Physiologic Pharmacokinetic Mode! With Binding 


One of the major determinants of drug distribution is the extent of binding of drugs to 
plasma protein or tissue components. Many drugs, particularly weak acids and bases, 
bind to the plasma proteins, usually albumin, but some times to globulins as well. Binding 
of drugs to the plasma proteins has been studied extensively, primarily due to the fact 
that the experiments can be easily carried out. Tissue binding studies do not have this 
advantage, and thus knowledge of the qualitative and quantitative aspects of the binding 
of drugs to tissue components is poorly understood. 


The physiologic pharmacokinetic model assumes a flow limited drug distribution without 
drug binding to either plasma proteins or tissue components. As mentioned above, most 
drugs show binding to plasma proteins and to some extent to tissue components. Equations 
describing the rate of change in drug amount can be developed for drugs that show binding, 
based on following assumptions. 


1. Drug binding is linear (i.e., not saturable or concentration dependent). 
2. Bound and free drugs in both the tissue and plasma are in equilibrium. 
3. The equilibrium between the drug in plasma and tissue attains rapidly. 
Figure 10.6 shows the equilibrium conditions in blood and the tissue. The free drug 


concentration in the tissue. The free drug concentration in emerging blood (venous blood) 
are equal. 


Tissue 


Arterial Blood 
aero > 


Venous Blood 


D = free drug; P = free protein; PD = protein-drug complex; 
T = tissue component; TD = tissue component drug complex 


Fig. 10.6 Drug distribution and binding in blood and tissue. 


[Cb]f = [Ct]f 10.56 

Where, [Cb]f is the free drug in blood and [Ct]f is the free drug in tissue. fb and 

ft are the blood free drug fraction and the tissue free drug fraction, respectively. Cb and 

Ct represent the total drug concentration in the blood and the total drug concentration 
in the tissue respectively. Then, 


[Cb]f = fo [Cb] & [Cb] = mer. 10.57 
and [Ct]f = ft [Ct] & [Ct] = ar 10.58 
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The tissue partition coefficient of the drug, Pt is the ratio of the concentration of 
the drug in a tissue to that in the blood. 


_ [Ct] = fb 
~ [Cb] ft 10.59 
Since, [(Cb)f = [Ct]f 


The tissue partition coefficient, Pt, calculated taking the drug binding into consideration 
may be incorporated into the equations developed without considering the drug binding. 
The value of Cb in the new equation is equal to the free drug concentration in the blood. 
General mass balance of various tissues is given by 


d (Viissue Crissue)/dt = Qt (Car 7 Cyein) 
= Qt (C,,- Ct / Pt) 
= Qt (Car - Ct ft/fb) 10.60 


Similarly, the rate of drug elimination equations for all tissues can be summed to 
get the differential equation for the rate of change in the drug levels in the blood. 


10.2.3 Diffusion - Limited Model 


Perfusion mode! described earlier, assumes a rapid drug distribution between the tissue 
and venous blood i.e. a rapid equilibrium between the drug in tissue and the drug in the 
venous blood is established so that the drug concentration in the venous blood leaving 
the tissue is equal to that in the tissue. In other words, the cell membrane does not offer 
any resistance to drug permeation. Hence, drug concentration in the tissue is dependent 
on rate of blood flow to the tissue. This assumption simplified the mathematics involved 
in the physiological pharmacokinetic model. 


A more complex type of physiologic pharmacokinetic model is called the 
diffusion - limited model or membrane - limited model. |n the diffusion limited model, the 
cell membrane acts as a barrier for drug permeation. The drug permeates the cell membrane 
by diffusion at a slower rate. Because the blood flow is fast and drug permeation is slow, 
an equilibrium between drug concentration in blood and the tissue is established over time. 
Therefore, initially the drug concentration in the venous blood leaving the tissue is larger 
than that of tissue, and an equilibrium is established after some time. The rate-limiting 
step of drug diffusion into the tissue is dependent on the permeability of the cell membrane 
rather than the blood flow. Therefore, an equation that describes the rate of change in 
drug concentration in the blood based on a diffusion limited model is very complex. 


10.2.4 Application and Limitations of Physiologic Pharmacokinetic Model 


The physiologic pharmacokinetic model relates the drug concentration and tissue distribution 
based on anatomy and physiology of the organs. Once the physiological pharmacokinetic 
model is established for a drug, the influence of physiological and anatomic changes in 
a tissue on drug distribution and kinetics can be predicted and estimated. For example, 
the influence of a change in blood flow to the liver or an increase in size of an organ, 
on drug distribution and elimination can be calculated. Since the physiological models 
are developed based on physiological and anatomical parameters of animal, the 
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pharmacokinetics of a drug in the human body can be predicted from animal data. Changes 
in drug-protein binding, tissue organ drug partition ratios, and intrinsic hepatic clearance 
may be inserted into the physiological pharmacokinetic model. 


Toxicokinetics is the application of pharmacokinetics to toxicology. Various approaches 
have been used to compare the toxicity and pharmacokinetics of a drug among different 
species. Interspecies scaling is a method used in toxicokinetics for interpolation and 
extrapolation based on anatomic, physiological, and biochemical similarities. 


Allometry is the study of size. Different animals differ in their size and life span. 
However, all animals show some common physiological, anatomical and biochemical 
properties. The assumption in interspecies scaling is that physiologic variables such as 
clearance, heart rate, organ weight, and biochemical processes are related to the weight 
or body surface area of the animal species, including human. Therefore, there exists a 
relation between a physiologic variable (such as heart rate, clearance etc.) and body weight 
or body surface area of animal. The general allometric equation is, 


y=-bwi 10.61 
Where, ‘y’ is the physiological or pharmacokinetic property of interest, ‘w’ is the weight 
or body surface area of the animal species, ‘b’ is an allometric coefficient and ‘a’ is the 


allometric exponent. Both a and b vary with the drug. Equation 10.61 can be linearized 
if the data points are plotted on a log-log paper. 


Interspecies scaling has been refined by considering the aging rate and life span 
of the species. In terms of physiological time, each species has a characteristic life span, 
its maximum life span potential (MLP), which is controlled genetically. Because many energy 
consuming biochemical processes, including drug metabolism, vary inversely with the aging 
rate or life span of the animal, the allometric approach has been used for drugs that are 
mainly eliminated by hepatic intrinsic clearance. 


The application of MLP to pharmacokinetics is a relatively new concept. Initially, 
hepatic intrinsic clearance was considered to be related to the volume or body weight. 
However, a plot of the log drug clearance versus body weight for various animal species 
resulted in an approximately linear correlation (i.e., a straight line). After correcting intrinsic 
clearance by MLP, an improved log linear relationship was achieved between free drug 
CL,,, and body weight for many drugs. A possible explanation for this relationship is that 
the biochemical processes, including CL,,,, in each anima! species are related to the animal's 
normal life expectancy (estimated by MLP) through the evolutionary process. Animals with 
a shorter MLP have higher basal metabolic rates, and would tend to have a higher intrinsic 
hepatic clearance and thus metabolize drugs faster. After correcting for MLP, all species 
share the same intrinsic clearance for the free drug. 


(MLP) (CL,,,)/B = constant 10.62 
Clin = a BX 10.63 


Where ‘a’ is the allometic coefficient, ‘x’ is the allometric exponent and B is the body 
weight. The values of a and x depend on the drug. For caffiene, the intrinsic clearance 
for the free drug is given by 


Clin, = 10.389 B0225 10.64 
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Inspite of several advantages, the compartment model is generally regarded as 
somewhat empirical and lacking physiolegical relevance. Many disease-related changes 
in pharmacokinetics are the result of physiological changes, such as impairment of blood 
flow or a change in organ mass. These pathophysiological changes are better evaluated 
using a physiologically based pharmacokinetic model. In this regard, the compartment 
model, owing to its simplicity, often serves as a “first model” that requires further refinement 
in order to accurately describe the physiological and drug distribution processes in the 
body. The physiological pharmacokinetic model which accounts for processes of drug 
distribution, drug binding, metabolism, and blood flow to the body organs is much more 
realistic. Drug related changes in physiological processes are more readily related to 
changes in the pharmacokinetics of the drug. Further more, organ mass and volumes 
and blood perfusion rates are often scaleable based on size, among different individuals, 
and even among different species. This allows a perturbation in one parameter and the 
prediction of any change in physiology. The physiological model may also be modified 
to include the specific feature of a drug. For example, for an anti-tumor agent that penetrates 
the inside of a cell, both the drug level in the interstitial water and the intracellular water 
may be considered in the model. Blood flow and tumor size may even be included in 
the model to study and change in the drug uptake at that site. 


The physiological pharmacokinetic model can calculate the amount of the drug in 
the blood and in the tissue at any time if the initial amount of drug in the blood is known 
and the dose is given by an |.V. bolus. 


Practice Problem 


Serum concetrations of a new antibiotic after oral administration in a capsule dosage form 
are given below. Calculate MRT and MAT for the capsule. 


rime hrs) [0] OAe7[0A89[050 [10 [16 [20 [30 [40 Joo | 80 | 100] 120) 


Serum Conc. 3.59 17.79 |13.3 | 14.5 16.6 | 11.9 | 6.31 | 3.54 | 1.36 | 0.63 
(ug/ml) 


Solution: Construct the following table: 


Time (hrs) Serum concentration (ug/ml) | Ct | tCdt]| 
0 0 0 — 
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Total AUMC = 382.695 (ug/ml)hr2 
AUC," as determined by the trapezoidal rule = 89.68 ug-hr/ml 


K is obtained from the terminal linear portion of the graph obtained by plotting log 
C versus time. K = 0.347 hr! 


AUC, = = C*/K = 0.63/0.347 = 1.816 (ug/mi)hr 
AUC,” 89.68 + 1.816 = 91.496 (ug/mi)hr 
AUMC,,* C* t*/K + C*/K2 (Equation 10.18) 
= (0.63)(12)/(0.347) + (0.63)/(0.347)2 
= 27.02 (ug/ml)hr2 
AUMC,* = 382.695 + 27.02 = 409.71 (ug/ml)hr2 


MRT capsule = AUMC,*/ AUC,* = 409.71/91.496 = 4.478 hours. 
MAT capsule = MRT capsule > MRT), (Equation 10.38) 

But MRT, = 1/K = 1/0.347 = 2.882 hours. 

Therefore, MAT capsule = 4-478 - 2.882 = 1.596 hours. 
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Likely Questions 
1. Write about the Statistical Moment Theory. 


2. Derive an equation for MRT from the blood data following an |.V.bolus administration 
of a drug that eliminates from the body by the first-order process. 


3. How do you calculate a steady-state volume of distribuiton from the MRT of a drug? 

4. Write a note on the Mean Absorption Time (MAT) and the Mean Dissolution Time 
(MDT). 

5. What is a blood-flow limited model? 

6. Give an equaiton for organ clearance (Cl,,4,,)- 

7. What are the assumptions made in physiological pharmacokinetic model with binding? 

8. Write about a diffusion-limited physiological model? 

9. What is allometry? How is it useful in understanding physiological variables in different 


animals? 
10. What is MLP? What is the applications of MLP to pharmacokinetics? 


11. Adrug is administered in capsule and solution forms to a subject on different occations. 
Serum concentrations of the drug at different time points are given below. Calculate 
the MRT and MAT for the two products and the MDT for the capsule. 


Time(hrs) Serum concentration of (ug/ml) Solution 
drug Capsule ed 
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Bioavailability and Bioequivalence 


The ultimate goal of most oral dosage forms is to serve as a vehicle for the delivery of 
drugs to the blood stream for distribution to the site(s) of action. Bioavailability is a 
measurement of the rate and extent (amount) of drug that reaches the systemic circulation 
from a drug product or a dosage form. The study of biopharmaceutics gives substantial 
evidence that the method of manufacture and the final formulation of a drug can markedly 
affect the bioavailability of the drug. There are two different types of bioavailability studies. 
The first type involves an assessment of the bioavailability of a new drug formulation. 
That is, pharmacokinetic parameters following different routes of administration of the new 
drug are obtained and are utilized in developing an optimum dosage regimen. Finally, 
the new drug is formulated suitably for an intended route of administration and its 
bioavailability is assessed. The second type of bioavailability study involves a comparison 
of a test formulation with that of a reference standard dosage form that is proved to have 
therapeutic efficacy and safety. This type of studies are known as bioequivalence studies. 
Laws mandate that new drug products be safe and effective. Therefore, laws allow marketing 
of the new drug product if it shows bioequivalence, i.e., similar efficacy and safety. Two 
products are considered to be bioequivalent if the drug concentration-time profiles are 
so similar that they are unlikely to produce differences in their therapeutic or adverse effects. 
The major concern is switchability, i.e., a patient can exchange one product for the other 
if they are bioequivalent. 
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11.1 Definitions and Purpose of Bioavailability Studies 


Equivalence: Equivalence is a general term used to compare products taking a specific 
characteristic or function or a defined set of conditions into consideration. In 
biopharmaceutics drug products are compared. 


Chemical Name: Name used by the organic chemist to indicate the chemical structure 
of the drug (e.g. 2-(acetyloxy)-benzoic acid). 


Generic Name: The established, non-proprietary or common name of the active drug 
in a drug product (e.g. aspirin). 


Drug Product: The finished dosage form (e.g. a tablet or capsule) that contains the active 
drug ingredient generally but not necessarily in association with inactive ingredients. 


Brand Name: Trade name of a drug. The manufacturer or distributor of a drug product 
assigns a name to distinguish his product from competitors’ products (e.g. dispirin, aspro). 


Chemical Equivalence: This term implies that two or more drug products contain the 
same labeled chemical substance as an active ingredient in the same amount. 


Pharmaceutical Equivalents: Drug products that contain the same active drug ingredient 
(same salt, ester or chemical form) and are identical in strength, dosage form and the 
route of administration. 


Therapeutic Equivalents: Therapeutic equivalents are drug products that contain the 
same therapeutically active drug that should give the same therapeutic effect and have 
an equal potential for adverse effects under conditions set forth in the labels of these 
drug products. Therapeutic drug products may differ in certain characteristics, such as 
color, scoring, flavor, packaging, preservatives, and expiration date. Therapeutic equivalent 
drug products must be 1. safe and effective, 2. pharmaceutical equivalent, 3. bioequivalent, 
4. adequately labeled, and 5. manufactured in compliance with current good manufacturing 
practices. 


Absolute and Relative Bioavailability: 


Absolute Bioavailability of a drug in a drug product may be measured by comparing 
the respective bioavailabilities after an oral and intravenous bolus injection. This 
measurement is valid as long as the volume of distribution (Vd) and elimination rate constant 
(K) are independent of the route of administration. 


The absolute bioavailability of a given drug using blood/plasma data may be calculated 
by comparing the total areas under the plasma concentration-time curves obtained following 
the administration of equivalent doses of the drug via an absorption site and via the 
intravenous route to the same subjects on different occasions. 


Typical plasma concentration-time curves obtained by administering equivalent doses of 
the same drug by the intravenous route (bolus injection) and the extravascular route (oral) 
are shown in Fig. 11.1. 
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Fig. 11.1 Plasma drug level versus time curves following I.V. Bolus and Oral administration. 
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Cumulative amounts of the unchanged drug or major metabolite excreted in urine 
are also used to determine the absolute bioavailability. 


Absolute bioavailability = 11.1 


[X,,"]ey (Dose). 
[X aiy (Dose) y 


Where, X,” is the total amount of the unchanged drug or major metabolite excreted 
in the urine in infinite time. 


The fraction of the dose absorbed (F) is also used to denote absolute bioavailability 
of a drug product. F value for drugs given by IV bolus injection is equal to unity, since 
all the drug enters the systemic circulation. F value of drug products may range from 
zero (where no drug reaches the systemic circulation) to unity (where the total drug reaches 
the systemic circulation). 


Relative Bioavailability is defined as the ratio of bioavailabilities of a drug product 
and a recognized standard. In general, a recognized standard is either a competitor’s 
marketed drug product or a standard dosage form acceptable Food and Drug by 
Administration. The bioavailability of a test formulation is compared to the availability of 
the drug in a selected dosage form using a cross-over study. 


[AUC] 5; (DOS) rest 


[AUC] standard / (Dose) standard 

Percent relative bioavailability is obtained by multiplying this fraction by 100. Percent 
relative bioavailability can be calculated from the urinary drug excretion data, provided 
unchanged drug is excreted in the urine. 


Absolute bioavailability = 11.2 


Relative bioavailability = 11.3 


[X u“ lest (DOSE) rest 
[X u 7 ] standard / ( Dose) standard 


Where, [X7], is the total amount of the unchanged drug or a major metabolite excreted 
in the urine in infinite time. 


Percent relative bioavailability = 11.4 
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11.2 Bioavailability Study 
11.2.1 Bioavailability studies for new drugs 


In vivo bioavailability studies are performed for new drugs to establish essential 
pharmacokinetic parameters including the rate of absorption, extent of absorption, rates 
of excretion and metabolism, and elimination half-life after a single and multiple-dose 
administration. These essential pharmacokinetic parameters are useful in establishing 
dosage regimens. 


Bioavailability studies are also conducted to determine the influence of excipients, 
manufacturing procedures, packaging materials and patient related factors on the biological 
performance of a new drug formulation. 


11.2.2 Bioavailability studies for approved drugs 


Bioavailability studies for approved drugs are performed to develop a new dosage form 
or to improve on existing dosage form. In approving a drug product for marketing, the 
FDA must ensure that the drug product is safe and effective for its labeled indications 
of use. In addition, the drug product must meet all applicable standards of identity, strength, 
quality and purity. Therefore, a drug product is first subjected to all applicable official 
laboratory tests. Finally, the FDA requires bioavailability/phamacokinetic studies and where 
necessary bioequivalence studies to ensure the safety and efficacy of the drug product. 
In bioequivalence studies, test drug product is compared with a reference standard (generally 
a FDA approved drug product). Test product is called bioequivalent if it produces a 
bioavailability equivalent to that of the reference standard. 


11.3 Bioavailability Study Protocol 


The assessment of bioavailability of several drug products most often requires the 
measurement of drug and/or metabolite levels in either the blood or the urine. The 
bioavailability of a drug from a dosage form depends on the dose and route of administration, 
time of administration, subjects and dosage form. The aim of bioavailability study is to 
find out the dosage form influence on the biological performance of the drug. Therefore, 
the bioavailability study protocol used should be of sufficient sensitivity to detect differences 
in the rate and extent of absorption that are attributable only to dosage form variability 
and should avoid variabilities due to other factors. Table 11.1 lists the elements of the 
bioavailability study protocol. 


Sometimes, due to inherent properties of the drug, analytical difficulties are 
encountered that will preclude the measurement of drug or metabolite levels in body fluids, 
so other techniques are used to assess bioavailability. The drug may be labeled with 
a radioactive tag, a pharmacological or clinical response may be measured, or studies 
may be performed on animals. 
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Table 11.1 Bioavailability Study Protocol 


A Study objective 
B. Study design 
1. Experimental design 
2. Wash out period 
3. Drug products: 
(a) Test product(s) and (b) Recognized standard 
. Route of administration 
Dosage regimen 
. Frequency and duration of sampling 
Randomization of drug administration 
. Single-versus multiple-dose study design 
. Subjects 
(a) Healthy subjects versus patients 
(b) Subject selection 
(i) medical history, 
(ii) Physical examination, 
(iii) Laboratory tests 
(c) Study conditions 
10.Analysis of biological fluids 
C. Methods of Assessment of Bioavailablility 
1. Plasma data 
2. Urine data 
3. Acute pharmacological effect 
4. Clinical response 
D. Analysis and Presentation of Data 
1. Statistical treatment of data-Analysis of variance (ANOVA) 
2. Format of data 


OONDAAA 


11.3.1 Study Objective 


The objective of the bioavailability study decides the study protocol. A study design meant 
for estimating essential pharmacokinetic parameters differs significantly from a bioequivalence 
study meant for comparing the test formulation with reference to a standard. 


11.3.2 Study Design 


Various factors have to be considered in conducting a bioavailability study since the rate 
and extent of absorption of a drug into the systemic circulation, its distribution and elimination 
are influenced by a variety of factors. Subject factors such as age, sex, disease state, 
food habits, general health condition, body weight of subjects, experimental design, time 
of administration, time of sampling, analytical method used and compartment model used 
in estimating pharmacokinetic parameters/bioavailability contribute to the observed blood 
concentration time profile. Therefore, it is necessary to consider all these important factors 
in a study design. 
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In the following sections various factors are discussed keeping the bioequivalence 
study also in mind. However, they are valid for simple bioavailability studies also. 


Parallel Design 


The aim of experimental designs is to minimize the experimental variables and to avoid 
a bias. In a parallel design, two formulations are administered to two groups of volunteers. 
To avoid a bias, formulations may be administered randomly to the volunteers. The major 
disadvantage of this design is that the inter-subject variation is not being corrected. It 
has been proved beyond doubt that most of the times inter-subject variation is greater 
than the variation between any formulations. Therefore, a cross-over design is preferred 
in bioavailability/bioequivalence trials to avoid influence of a inter-subject variation. 


Cross-over Design 


Usually, a substantial inter-subject variability exists in the drug levels achieved from any 
given dose of medication in a panel of subjects. The cross-over design minimizes the 
effect of inter-subject variability in the study by using each subject as his or her own control. 
Generally, two types of cross-over designs are used in bioavailability trails. They are, 
1. Latin Square cross-over design and 2. Balanced Incomplete Block Design (BIBD). 


Latin Square Cross-Over Design 


A standard approach for conducting a comparative bioavailability study is to use a 
randomized, balanced, cross-over design called a Latin square or complete cross-over 
design. In this design, 1. each subject receives just once each formulation, and 2. each 
formulation is administered just once in each study period. The basic elements of this 
design are shown in Table 11.2, where the first design is a two-way cross-over design. 
The three- and four-way cross-over designs shown in the table 11.2 represent one of the 
several possible combinations. 


In a two-way cross-over study, 12 subjects are used to study the bioequivalencies 
of two formulations, treatment A and treatment B. During the first study period, subjects 
1 to 6 receive treatment A, while subjects 7 to 12 receive treatment B. A second study 
period is initiated after the washout period, during which a complete elimination of the drug 
and its major metabolites takes place. In the second study period, subjects 1 to 6 now 
receive treatment B and subjects 7 to 12 receive treatment A. Therefore, each subject 
acts as his own control. This design has several advantages, listed under, 


1. It minimizes the effect of inter-subject variability in the study by using each subject 
as his or her own control. 


2. It minimizes the carry-over effects which could occur when a given dosage form 
influences the bioavailability of a subsequently administered dosage form since each 
formulation is preceded and succeeded by other formulations or dosage forms. 


3. It minimizes the time effect on bioavailabilty since each dosage form is administered 
in each study period. 


4. It requires less number of subjects to get meaningful results. 
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Table 11.2 Latin Square Designs 


Two-Way Crossover 


Group No. Subjects in Group Treatment for Period No. 
| 


1,2,3,4,5,6 
7,8,9,10,11,12 


1,2.3,4,5,6 
7,8,9,10,11,12 
13,14,15,16,17,18 


Group No. 


1,2,3,4,5,6 
7,8,9,10,11,12 
13,14,15,16,17,18 
19,20,21,22,23,24 


The major disadvantages of the Latin-square design are the following : 


1. It requires longer time to complete the study since a washout périod exists between 
two study periods. The higher the biological half-life of drug, the longer will be the 
time required for completing the study. 


2. The time to complete the trial depends on the number formulations evaluated in the 
study. It takes a longer time to complete the study as the number of formulations 
increases. 


3. Increased number of study periods leads to high subject dropouts and the study 
becomes difficult. 


4. Medical ethics does not allow too many trials on a subject continuously for a longer 
time. 


These disadvantages can be overcome by use of a balanced incomplete block design. 
Balanced Incomplete Block Design 


A balanced Incomplete Block Design (BIBD) eliminates many of the difficulties encountered 
with the Latin square design. The salient features of this design are: 


1. Each subject receives not more than two formulations. 
2. Each formulation is administered the same number of times. 
3. Each pair of formulations occurs together in the same number of subjects. 
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Table 11.3 shows BIBD for four formulations A, B, C and D. In this design, as discussed 
above, each subject receives two formulations, each formulation is administered six times 
and each pair of formulations occurs together in two subjects (the pairs are AB, AC, AD, 
BC, BD and CD). 


Table 11.3 Balanced incomplete block design (BIBD) for four formulations 


4 
2 
3 
4 
5 
6 
7 
8 
9 
10 


VUNVUBNDVOFPNOSFWY— 
OuvuDWVDWaAYrOVY,rNOFrW= 


11.3.3 Washout Period 


In a Latin Square cross-over siudy design each subject receives each formulation and 
even in BIBD each subject receives two formulations at different occasions. The time interval 
between the two treatments is called “washout period”. Washout period is required for 
the elimination of the administered dose of a drug so as to avoid the carryover. A guideline, 
which has come into use for a crossover design for most drugs is that a period of at least 
10 half-lives should be allowed between treatments. This should ensure an elimination 
of 99.9% of the administered dose and a maximum carryover of less than 0.1% from the 
first treatment. Washout period is a-function of the half-life and the dose of the drug 
administered. The number of washout periods in a study depends upon the type of crossover 
design used and the number of formulations to be evaluated. In the case of digitoxin, 
which has a half-life of 6 to 9 days, the total study period exceeds one year if four formulations 
have to be evaluated using the Latin Square design. Because a very large number of 
drugs have been found to have a half-life between 1 and 10 hours, a washout period 
of 1 week was usually found suitable in most of the reported studies. 


It should be noted that the metabolites of the drug should also be eliminated from 
the body before the commencement of next treatment. Unfortunately, the exact metabolic 
scheme of all drugs is not known. Whether all the metabolites of the drug are eliminated 
or not is unknown. However, as most of the metabolites are more water-soluble than the 
parent drug and have a shorter residence time in the body than the parent drug molecule, 
itis assumed that their elimination occurs well before the elimination of the parent compounds. 
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11.3.4 Drug Products 


Test products : Test product(s) may be new drug formulations developed by a 
pharmaceutical technologist or new dosage forms of an existing drug. A test product may 
be compared to a reference standard recognized by the Food and Drug Administration 
for getting approval for marketing the drug product. Test products are generally evaluated 
for following reasons. 


1. To select best dosage form of a new drug or existing drug among different dosage 
forms (e.g. Tablet, capsule, emulsion, and suspension). 


2. To select the best formulation of a new drug or existing drug among different 
formulations that have shown equal performance in in-vitro tests. 


3. To compare biologica! performance of a test product to that of a recognized standard 
(i.e. bioequivalence studies). 


Reference standard 


A chemical or generic product has to be compared with some standard dosage form to 
verify its in-vivo performance. In general, the Food and Drug Administration (FDA) accepts 
any innovator’s drug product as a reference standard. The innovator is the one who originally 
received approval from the FDA to market the product in the country. Some times, several 
manufacturers may hold approval for certain drugs. Therefore, any one of the permitted 
drug products can be used as a reference standard. 


in many of these instances, the FDA would request that only one of these products 
be used as a reference product in order to obtain a more easily comparable data. 


Route of administration 


Most of the times, orally administered dosage forms are subjected for bioavailability studies. 
However, dosage forms administered by other routes such as buccal, transdermal, 
intramascular should also be evaluated for their biological performance. The therapeutic 
utility of these dosage forms depends on the rate and extent of absorption of the drug 
from these dosage forms. 


In general, orally administered dosage forms show a much variation in their 
performance because of inter-subject and intra-subject variations. All the dosage forms 
administered by an extravascular route do require a bioavailability assessment. 


11.3.5 Single- Versus Multiple- Dose Study Design 


Whether a single dose studies are better or multiple-dose studies are better for the 
assessment of the bioavailability of a drug product? It is always difficult to give a single 
answer. However, it is possible to discuss the issue thoroughly so as to understand the 
concepts involved in deciding the dosage regimen for a bioavailability study. If the dosage 
forms are to be evaluated only for bioequivalence purposes, single-dose studies are usually sufficient. 
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This is because the relative bioavailability of most tablets and capsules can be determined 
on a single-dose basis, and usually, this is predictive of multiple-dose levels. Dosage forms 
meant for a single dose administration for a therapeutic benefit such as analgesics for 
the relief of head ache need only single-dose studies. However, certain dosage forms 
designed to achieve special release profiles of drugs may require multiple-dose studies. 
For example, time-release products, enteric-coated preparations, some intramuscular 
injections. Even the drugs that undergo the first-pass metabolism do need a multiple- 
dose study. Use of an improper study design leads to the collection of insufficient and/ 
or inappropriate data. Further, if special dosage regimens such as loading dose or twice- 
a-day dosing are to be used, a multiple-dose study design may also be necessary. 


11.3.6 Administration of Drug Products 


Administration of drug products to the subjects should be based on randomization. After 
the administration of the drug products, blood samples are withdrawn from the subjects 
at fixed time points. It takes some time to take a sample from each subject, and the total 
time difference between first subject and the last subject may range from 10 to 20 minutes 
depending upon the number of subjects and technicians in the study. If the sampling schedule 
is not followed rigorously in the same sequential manner, significant differences can 
conceivably exist in the actual duration of the drug in the body and the stated sampling 
time given for each subject. This 10 to 20 minutes’ difference would represent a substantial 
change in the drug concentrations observed in the blood. If under these conditions treatments 
are administered to the subjects in a sequential manner (such as treatment A to the first 
6 volunteers, treatment B to volunteers 7 to 12, and treatment C to volunteers 13 to 18, 
as shown in table 11.4), the error between the time of administration and sampling will 
gradually increase from treatment group to treatment group. This is because of sequential 
administration of drug products to different treatments. To avoid this type of effect, 
randomized administration of drug products is used. The order of dosing is not sequential 
but a part of each treatment is given first, a part in the middle and a part in the last. 


Table 11.4 Randomization scheme used in a bioavailability study 


| GroupNo. | Subjects in Group Treatment for Period No. 


1,2,3,4,5,6 
7,8,9,10,11,12 
13,14,15,16,17,18 


11.3.7 Sampling 


The biological sample to be used in the study has to be decided before the commencement 
of a bioavailability study. If the bioavailability of a given dosage form is to be evaluated 
by a blood level study, some estimate of the area under the serum concentration versus 
time curve, peak serum concentration, and time of peak serum concentration must be 
obtained from the study. Therefore, the frequency of sampling and the duration of sampling 
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are very important since these factors can markedly influence the “apparent” results obtained 
in a given study. While the blood sampling schedule required to evaluate bioavailablity 
will vary with the drug, it is possible to list a few factors that will ensure a satisfactory 
determination of the blood-level profile. The sampling scheme should be frequent enough 
to define the absorption phase, the peak, and the elimination phase during a drug’s time 
course in the body. 


In order to estimate the rate of absorption it is necessary to have enough data points 
in the absorption phase and hence, the frequency of sampling is more in this phase. Even 
though the frequency of collection of samples is monitored, it may not be possible to get 
the time of peak serum concentration directly from the data and is generally estimated 
from the data. Since the relative amount of the drug absorbed is determined from the 
AUC parameter, there must be sufficient sampling points to allow for proper evaluation 
of the area under the blood-level curve. The absorption rate, volume of distribution, and 
elimination rate, all influence the apparent drug concentration one obtains in a given sample. 
It is necessary to see that all these factors influence each dosage form equally. To estimate 
the AUC from the data, sampling has to be carried out till the concentration of the drug 
reaches the linear elimination phase. For first-order process, the time necessary for a 
complete elimination would be infinity. However, for all practical purposes it is a period 
of 10 half-lives for any given drug. A rule of thumb sampling in a blood-level study is 
to sample for three to five half-lives of the drug. If the half-life is not known, sampling 
should proceed until 1/10 or 1/20 of the peak levels are reached. 


In the case of urinary excretion studies, the same principles apply. Generally, urinary 
excretion studies are used when it is either not possible to measure a given drug in the 
blood, plasma, or serum or when ethical considerations do not allow the collection of samples 
over a period of time (e.g. subjects such as patients, children). The advantages of urinary 
excretion studies are: 1. it involves non-invasive method of sampling, 2. the concentration 
of the drug in the urine is often greater than that in blood/serum allowing easy estimation 
of the drug, and 3. the amount of the drug excreted in urine is obtained directly. In the 
case of a blood-level study, the amount of the drug in the body is estimated using 
pharmacokinetic parameters. On the other hand, urinary excretion method has several 
disadvantages as well. 1. urinary excretion studies are not useful in estimating the absorption 
rate of a rapidly absorbing drug. This is because it is difficult to obtain many samples 
during the absorption phase to define the absorption rate accurately. Subjects feel difficulty 
in emptying the urinary bladder frequently and it leads to a carryover effect on the next 
sample. 2. In some cases, the metabolites of the drug are also concentrated in the sample 
that interferes with the estimation of the unchanged drug in the urine sample. 


However, in order to obtain useful data, it is necessary to plan the frequency and 
duration of sampling carefully. If possible, urine samples should be collected for 10 half- 
lives of the drug to ensure a 99.9% of elimination of the drug in urine. If the elimination 
half-life is not known, a plot of the cumulative amount of drug excreted over time will reach 
a plateau at some point in time consistent with a complete elimination of the drug. 
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11.3.8 Selection of Subjects 


Healthy Subjects Versus Patients: Bioavailability studies are designed to find out the 
dosage form biological performance. Hence, it is necessary to minimize all possible variations 
if it is not possible to eliminate them. Use of healthy volunteers avoids much of variations 
that are possible with patients. However, it is true to say that the conditions should mimic 
as much as possible the actual conditions of usage for patients. The variables associated 
with most disease states make it impossible to design a meaningful bioequivalence test. 
Some of the specific problems associated with testing in patients are given below: 


1. It is difficult to obtain many patients in a given place. 
2. The severity of a disease varies from one patient to another. 


3. Ethical considerations do not allow withdrawal of many blood samples from the patients 
for a longer time. 


4. It is not ethical to administer a dosage form to a patient whose therapeutic efficacy 
is unknown. 


5. Since treatment of a disease involves use of several drugs simultaneously, the effect 
of these drugs on the bioavailability of the drug to be tested should be known before 
the interpretation of the bioavailability test results. 


Therefore, norma! subjects are preferred in the bioavailability studies over patients. 


Selection of Subjects: If it is accepted that healthy volunteers should be used in 
bioavailability studies, the next question one faces is, what is meant by “healthy” volunteers? 
Healthy means a person having an overall good state of physical health. It is ascertained 
by vital signs such as temperature, pulse, respiration, blood pressure, and laboratory tests 
on blood (RBC count, WBC count, hemoglobin, blood sugar, etc.), urine (pH, albumin, 
sugar etc.) and also by liver function tests such as serum alkaline phosphatase and serum 
glutamic-oxaloacetictransaminase. Depending upon the drug products used in the study, 
certain tests may be included or excluded. 


Age, sex and body weight also influence the blood level profile of a drug product. 
In general 21-year old, male subjects weighing 150-Ib are ideal to act as volunteers in 
the study. It is difficult to obtain a sufficient number of subjects with these specifications 
and hence acceptable normal ranges are 20-50 years of age and 120 to 200 Ib of body 
weight. Males are preferred over females because menstrual cycle, pregnancy, lactation 
and menopause stages that occur in females may affect the blood level profiles of the 
drug. However, females are also included in the bioavailability study taking above points 
into consideration. 


Medical history of the subjects has to reviewed critically by a panel of experts. For 
example, a person who has undergone gastrectomy shows normal values for the general 
screening tests used, but he may not absorb certain drugs like normal volunteers because 
of difference in the gastric pH. 


The selected subjects should be distributed randomly to different groups in order 
to achieve a uniform distribution of the available volunteers with respect to age, sex, and 
body weight and to avoid bias. 
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11.3.9 Study Conditions 


The selected subjects should be maintained on a uniform diet and none of them should 
have taken any drug at least one week prior to the study. Before the commencement 
of the study it is necessary to define the study conditions such as the fasting period before 
the administration, time period after drug product administration during which fasting is 
continued, standard diet to be given after fasting, fluid intake and volume to be allowed, 
etc. The quality and quantity of food intake drastically affects the bioavailability of some 
drugs. In general, bioavailability trails are conducted on subjects that has fasted overnight. 


11.3.10 Analysis of Biological Samples 


Ideally, the biological samples collected as per the sampling procedure have to be analyzed 
immediately after the study. But most of the times, the samples are stored for several 
days before they are subjected to a chemical analysis. The storage of biological samples 
is an important aspect in a bioavailability study, since, during storage the sample may 
undergo a chemical degradation, adsorption on to the walls of the container, etc. The 
analytical method used for the estimation of the active ingredient responsible for the 
therapeutic efficacy must be selective and sensitive. Nonspecific analytical methods 
measuring a mixture of the unchanged drug and metabolites are less desirable even in 
well-controlled cross-over studies. Drugs that undergo the first-pass effect exhibit different 
unchanged drug/metabolite ratio depending on the rate of absorption. If the analytical 
method used is nonspecific, then the results of the study may not reveal the difference 
in therapeutic efficacy that exists between drug products. Most of the manufacturers use 
the latest analytical technique for the analysis of the samples. Only one analytical method 
should be used for the analysis of all the samples of a study. There may be more than 
one selective and sensitive methods for the analysis of the given chemical moiety. Any 
one of them may be used for the analysis but the results obtained with one analytical 
method in one study should not be compared with those obtained in a other study with 
a different analytical method. In summary, the analytical method used must be specific 
to the active chemical moiety and should exhibit high sensitivity. 


11.3.11 Estimation of Drugs and/or its Metabolites in Biological Fluids 


Since bioequivalence testing is based on the premise that equivalent blood levels produce 
equivalent pharmacological responses, it is obvious that one must be certain that equivalent 
components are measured in the biological fluids after administration of chemical equivalent 
products. The development of highly sensitive and specific instrumental techniques, coupled 
with advances in selective extraction and separation procedures, has enabled a residue 
analysis of drugs and their metabolites in biological fluids with a high degree of precision 
and accuracy. In most analytical problems, the final quantitative analytical step is the least 
difficult part of the entire procedure. In the analysis of blood or urine, the most easily 
obtainable and useful biological fluids, the major problem is to extract quantitatively and 
then separate the intact drug from its major metabolites or even to separate a mixture 
of two or more drugs from their metabolites. 
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Ideally, the pharmacologically active component should be measured in the biological 
sample. The analytical method used must be specific to the active component and should 
show good sensitivity. Since usually there are several potential methods of analysis that 
are usable, the type of procedure employed should be mentioned and also, a concise 
statement as to whether the unchanged drug, metabolite, or some other combination of 
products measured should be included with the bioavailability data. 


11.4 Methods of Assessment of Bioavailability 


There are several methods of assessing bioavailability in humans and the selection of 
a method depends on the purpose of the study, nature of the dosage form, and the analytical 
method of drug measurement. The methods available are classified as pharmacokinetic 
methods and pharmacodynamic methods. 

The assumption in using pharmacokinetic methods for the assessment of bioavailability 
of drug products is that there exist a linear relation between the drug level in the a biological 
fluid and therapeutic response. Therefore, these methods are also known as indirect 
methods. Because the free or therapeutically active drug can be accurately measured 
in biological fluids, plasma and urine data give the most objective information on bioavailability. 


11.4.1 Indirect Methods or Pharmacokinetic Methods 


The parameters that are useful in determining the bioavailability of a drug from a drug 
product based on indirect methods are: 


1. Plasma Data 


(a) The time of peak plasma concentration (t,) 

(b) The peak plasma concentration (C nax) 

(c) The area under the plasma concentration-time curve (AUC) 
2. Urine Data 


(a) The rate of drug excretion in the urine (dXu/dt) 
(b) The cumulative amount of drug excreted in the urine (X,*) 
(c) The time for maximum urinary excretion (t,*) 


11.4.1.1 Plasma Data 


This is the most widely used and accepted method for the assessment of bioavailability 
of drug products. The basic assumption in this method is that drug products that are 
bioequivalent produce superimposable plasma level-time curves. By definition, bioavailability 
is a measure of the rate and extent of absorption of a drug from a drug product. The 
parameters t, and Cmax are the measures of the rate of absorption of the drug while the 
parameter AUC is a measure of the extent of absorption. 
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(a)The time of peak plasma concentration (t,): The time required to reach the maximum 
drug concentration in plasma after drug administration is known as the time of peak 
plasma concentration (t,) (Fig. 11.2). It indicates the time at which the rate of absorption 
is maximum following drug administration. At to» the rate of drug absorption exactly 
equals the rate of drug elimination. Therefore, when comparing drug products, t, can 
be used as an approximate indicator of the drug absorption rate. Small tp value indicate 
that less time is required to reach peak plasma concentration. In other words, small 
tp means a more rapid absorption. Units for t, are units of time (e.g. hours, minutes). 


(b) The peak plasma concentration (C,,,,): The peak plasma concentration represents 
the maximum plasma drug concentration obtained following an extravascular administration 
of the drug (Fig. 11.2). Cmax provides an indication that the drug is sufficiently absorbed 
to elicit a response. It also indicates whether the drug level in plasma is within therapeutic 
levels or reaching toxic levels. C nax is expressed as g/ml or ng/ml. 


Plasma Drug Level (ug/ml) 


A 
Time (hrs) 
Fig. 11.2 Plasma drug level versus time curves following oral administration. 


(c)The area under the plasma concentration-time curve (AUC): The area under the 
plasma concentration-time curve, AUC, is a measure of the extent of drug absorption 
from a dosage form or the fraction of the dose that reaches the systemic circulation. 
The [AUC],* is the sum of [AUC],' and [AUC],*, where ‘t’ is the last time point of plasma 
sample collection. [AUC],' is calculated by the Trapezoidal rule and the [AUC], is obtained 
from the Equation 11. 6. 

[AUC],* = [AUC] $ + [AUC],* 11.5 
[AUC],* = C*/K 11.6 


Where, C* is the concentration of the drug in the last plasma sample and K is the 
overall elimination rate constant. AUC is independent of the route of administration and 
processes of drug elimination as long as the elimination process does not change. The 
units for AUC are concentration-time/volume (e.g. ug-hr/ml). 

For many drugs, AUC is directly proportional to the administered dose. Nonlinearity 
between the administered dose and AUC, in general, indicates the existence of a saturable 
kinetics of absorption and/or elimination. When the AUC is not directly proportional to 
the dose, bioavailability of the drug is difficult to evaluate. 
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In the case of multiple dose studies, AUC for one dosing interval at the steady-state 
level is a measure of the extent of drug absorption from the dosage form. The following 
equations are used to estimate the fraction of the dose absorbed, F (i.e., the bioavailability 
of the drug product). 


_ [AUC]oral x[Dose]iv 


a [AUCliv x[Dose]oral ty 
If doses are equal, then 
2 [AUC}oral 11.8 
[AUC]iv 
Where F = Absolute bioavailability 
Fr = [AUC]text x [Dose] standard in 
[AUC]standard x [Dose]test 
If doses are equal, then 
AUC] test 
ii oa aa 


Where, Fr = Relative bioavailability. 
11.4.1.2 Urine Data 


Urinary excretion of the unchanged drug versus time data can be used to estimate the 
bioavailability of a drug product. This method is based on the general observation that 
the rate of urinary excretion of a drug is directly proportional to the concentration of the 
drug in the blood. In other words, the same fraction of absorbed drug always reaches 
the urine unchanged. Therefore, the bioavailability can be calculated as the ratio of the 
total amount of the unchanged drug recovered in urine following the administration of test 
and standard formulations. 


In order to obtain valid estimates, the drug must be excreted in significant quantities 
in urine and urine samples must be collected for at least 7 half-lives. This method is useful 
for all the drugs that are excreted in urine unchanged in significant quantities. Urinary 
metabolite excretion data is not used for the estimation of bioavailability since the drug 
can undergo metabolism at different sites including the gut and liver and the rates of 
metabolism may vary because of various factors. 


(a)The average rate of drug excretion in urine (AXu/At): The rate of excretion of 
the unchanged drug in urine generally follows first order process, since, it depends 
on the blood concentration of the drug. Therefore, a plot of AXu/At versus time at the _ 
mid point of urine collection (t’) is a mirror image of the plasma drug concentration versus | 
time curve (compare Figures 11.2 and 11.3). In Fig. 11.3, the maximum rate of drug 
excretion would be at point B, (AXu/At)max, and it corresponds to the time at which 
Cmax occurs. Hence, (AXu/At)max is used to estimate the bioavailability of drug products. 
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Rate of urinary excretion of 
drug (Xu/t) 


A 
Time (hrs) 
Fig. 11.3 Rate of urinary excretion of drug versus time plot. 


(b) The cumulative amount of drug excreted in the urine in infinite time (X,*) : 
The cumulative amount of the drug excreted in the urine is directly related to the amount 
of the drug absorbed. The drug excretion into urine continues till the drug level in 
blood falls to zero. Therefore, urine samples must be collected for a longer time (at 
least for 7 half-lives) in order to get a better estimate of X,*. A graph of cumulative 
amount of the unchanged drug excreted into the urine versus time is shown in 
Fig. 11.4. The cumulative amount of the drug excreted up to point C corresponds to 
X,*. This value is used for the estimation of bioavailability. 


Cumulative amount of drug 
excretion in urine (mg) 
wD 


Time (hrs) 
Fig. 11.4 Cumulative amount of unchanged drug excreted in urine versus time following oral 
administration. 


Absolute bioavailability, 
[X ,* Joral x [Dosel]iv 
~ [X,," ]ivx[Dose]oral 


Relative bioavailability, 


11.11 


[X ]test x [Dose] 
~ [X,," ]standard x [Dose]test 
When doses administered are equal, 


Fr 11.12 
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Absolute bioavailability, 


[X,,*Joral 
= K 11.13 
and Relative bioavailability, 
[X,,° ]test 
|S a and 11.14 


= [X,° standard 


c) The time for maximum urinary excretion (t,*): The time at point C in Fig. 11.4, is 
nothing but t,*. It is the time required for the absorption and a complete elimination 
of the drug following the administration of a drug product. t,“ is a useful parameter 
in bioequivalence studies comparing several drug products, since, it is a measure of 
both the rate and extent of drug absorption from a drug product. 


11.4.2 Direct Methods or Pharmacodynamic Methods 


The pharmacokinetic methods are based on the assumption that the drug concentration 
in blood or the drug excretion in the urine are related to the observed therapeutic effect. 
Pharmacodynamic methods are used when the assessment of bioavailability by 
pharmacokinetic methods is not possible due to non-availability of a sensitive analytical 
method for the measurement of the drug or the analytical method lacks sufficient accuracy 
and/or reproducibility. The two pharmcodynamic methods used for the estimation of 
bioavailability are based on the measurement of: 


1. Acute pharmacological effect 
2. Clinical response 


11.4.2.1 Measurement of Acute Pharmacological Effect 


In order to estimate the bioavailability of a drug product accurately by this method, the 
following criteria should be met. 


1. An established dose-related response curve. 


2. An easily measurable pharmacological response such as heart rate, ECG, blood 
pressure, pupil diameter, etc. 


Experimentally, the pharmacological effect is measured at different time intervals 
following the administration of a drug product. A plot of observed pharmacological effect 
versus time is made in order to get a smooth curve. The area under this curve is a measure 
of the performance of the drug product and is used for the estimation of the bioavailability. 
The frequency of measurement of the pharmacological effect and the total duration of 
the study affect the results. The study should be conducted for at least three times the 
half-life of the drug and a measurement of the pharmacological response should be made 
with sufficient frequency to permit a reasonable estimate of the total area under the curve. 
The main drawback of this method is that an accurate linear relationship between the drug 
level and observed pharmacological response is difficult to obtain. 
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11.4.2.2 Clinical Response 


Theoretically, this method seems to be the best among the methods discussed so far. 
But, practically, it is not. This is because of the fact that observed differences in therapeutic 
response following different formulations can not be attributed only to the formulation. 
Differences in the clinical response may be due to differences both in the pharmacokinetic 
and pharmacodynamic behavior of the drug among individuals. The drug may be available 
to the systemic circulation from a drug product at a sufficient rate and extent, but may 
not elicit a clinical response in an individual because his receptors are less sensitive to 
the drug compared to others. This is because of differences in pharmacodynamics of 
the drug in a particular patient. Various factors affecting a pharmacodynamic drug behavior 
may include age, drug tolerance, drug interactions and unknown pathophysiological factors. 
In addition, quantification of clinical response is too inaccurate to be useful in the assessment 
of bioavailability of drug products. 


11.5 Statistical Analysis of the Data 


The purpose of a bioavailability test is to find out whether the test formulation gives a 
blood-level profile identical (i.e., superimposable) to that observed for a reference standard 
product or not. Due to the limitation in sampling techniques the resultant blood-level curve 
is influenced by both the number and duration of blood samples obtained in any study. 
Unfortunately, due to biological and experimental variations, some differences always exist 
and it is necessary to ascertain whether these differences are simply chance occurrences 
or are due to actual differences in treatment administered to the subjects. Statistical methods 
are used to evaluate the data in order to identify the different sources of variation and, 
if possible, to measure the contribution of each identified variable and isolate the specific 
observation of primary interest. The analysis of variance (ANOVA), a statistical procedure 
used for a crossover design, is used widely in bioavailability testing and is the procedure 
that will be encountered most frequently by the health scientist. In order to understand 
the application of ANOVA in bioavailability testing, the following example is used. 


11.5.1 Analysis of Variance (ANOVA) 

Purpose of Bioavailability Study : To find out whether the test product (tablet) is bioequivalent 
to the standard product or not. 

Study Design : Latin Square cross-over design and randomized drug administration. 
Wash out Period : One week (half-life of drug is 2 hours). 

Recognized standard : Marketed Tablets 


Frequency and Duration of Sampling : Blood samples were collected at 0.0, 0.25, 0.5,1.0, 
2.0, 3.0, 5.0, 7.0, 10.0, 12.0, 16.0, 20.0 and 24.0 hours. 


Single or Multiple Dose Study Design : Single dose study design. 


Subjects : Twelve healthy adult male volunteers between the ages of 20 to 35 (mean 
25 years) and weighing between 62 to 90 kg (mean 72 kg) were selected for the study. 
The subjects are randomly assigned to 2 groups of 6 each and two formulations are 
administered randomly according to a 2X2 Latin Square design. 
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Study Conditions : All subjects fasted overnight prior to receiving the test tablet or standard 
tablet the following morning. The tablet is administered with 200 mi of water. Fasting 
of subjects is continued for 6 hours after the administration of tablets. Blood samples 
are taken just prior to the dose and at specified time points as per schedule into heparinized 
tubes. The plasma fraction is separated from the blood and analyzed for the drug content 
by HPLC. 


Assessment of Bioavailability 


Plasma data were used to estimate the area under the curve by the Trapezoidal rule 
up to the last time point and the remaining AUC is obtained by integration method. The 
total AUC for each treatment in each volunteer is presented in Table 11.5. 


Table 11.5 The AUC’s Obtained in the Bioavailability Study 
ae [eet Tm [ 
Test Standard 
76 83 
59 
96 
68 
86 
57 
Standard 
95 
64 
66 
57 


70 
88 


=253838 
Average AUC Test = 70.83 and Standard = 72.17; Ft=s850 and Fs=866 and x=1716 


Differences in the estimated values of AUC for test and standard arise because of 
the order of administration, subjects, formulations and error. The total sum of squares 
observed is due to all the sources of variation just mentioned. The error sum of squares 
is the total sum of squares minus the sum of squares due to order, subjects, and formulations. 

Order sum of squares 

LOi -C.F 
Se 11.15 
ns 

Where Oi =. order and C.F = correction factor and n, = number of determinations 
in each order (subjects) 


(Ex)? (sumofallvalues)? _ (1716) 


C.F = = 
N total no. of determinations 24 


= 122694 
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xOi is the summation of 1st week and 2nd week values. Hence, 
Order sum of squares 
_ (882)? +(834)” 
12 
Between Subject sum of squares 


- 122694 = 96 


IRI? -C.F 
2 SNL 11 16 


n, 


Where ERI? = sum of squares of values in each row and n; = number of treatments 
(i.e., 2). 


Between subjects sum of squares 


(159? +113? +...+1797) 


= - 122694 
5 12269 

53838 

= . = 122694 = 4225 

Between Formulations sum of squares 

Fi? 

= — _CF 11.17 
ns 


Where =Fi = sum of all values of each formulation i.e., sum of the test and sum 
of the standard AUC values in individuals. In this the case, sum of the test (SFt = 850) 
and the sum of the standard (SFs = 866) and n, = 12. 


Between Formulations sum of squares 


_ (850? +866°) 


2 - 122694 = 10.67 


Total sum of squares 
= rxi? - C.F 11.18 


Where =xi? = sum of squares of individual AUC values in the table 11. 5. 

Total sum of squares 
= (762 + 832 + 59% +....... + 917) - 122694 = 4708 

Now, error sum of squares can be calculated. 

Error sum of squares 
= Total SS - Order SS - Subject SS -Formulation SS 11.19 
= 4708-96 - 4225-10.67 = 376.33 
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Now, we can construct an ANOVA table using the above values and realizing that 
degrees of freedom, DF = N-1. Mean sum of squares (MS) is obtained by dividing the 
sum of squares with DF. F ratios are calculated by dividing the MS by error MS. 


Therefore, ieee ee 11.20 
Degrees of Freedom (DF) 
>. _ MS of parameter 
MS of parameter F ratio = oes 11.21 


The F, ,, means, we have to see F value under f1=1 and f2=10. For most of the 
bioavailability studies the level of significance accepted is 95% confidence limits (p>0.05). 
Therefore, we have to look for a tabled value under f1=1 and f2=10 at 95% confidence 
level to obtain the F, ,, value (F, ,, value is 4.96 at p>0.05). The calculated value 
is less than table value. Therefore, the F test for formulations and order of administration 
are not significant, suggesting that the values of total absorption from both the formulations 
are similar. 


ANOVA 


Subjects 


Formulations 
Order 

Error 

Total 


Conclusion: The test tablet is bioequivalent to the standard tablet used in the study. 


For the example shown in Table 11.5, 95% confidence limits on the difference between 
the formulations for “area under the curve” can be constructed as per the procedure given 
below. 


Find the “t value from t-table for DF=10 at p>0.05 (t with DF=10 at p>0.05 is 2.23). 
The 95% confidence limits 
= (average of standard - average of test) 


+t EMS [(/n,+1/n,) 11.22 


Where, 

t = ‘ft value from t-table for given degrees of freedom at p>0.05 
EMS = error mean square 
n, = number of subjects in ith group 

nj = number of subjects in jth group 
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The 95% confidence limits 

= (72.17-70.83) + 2.23 37.63 (1/12 +1/12) 
1.34 + 5.58 
(-4.24 to 6.92) 


The true difference between the AUCs for the formulations lies between -4.24 and 
6.92 with a probability of 95%. 


11.5.2 ANOVA for Multiple Comparisons 


Many times a bioavailability study involves more than two formulations. In such cases, 
the conclusion by the above method will be either the formulations are same or different. 
If the conclusion drawn out of a bioavailability study involving four formulations (labeled 
as A,B,C and D) is that they are different, then, whether all the formulations are different 
from one another or a particular formulation is different from the other formulations is 
unknown. In other words, out of the four formulations, which are bioequivalent, which are 
not, can not be identified by the F value only. For this purpose, it is necessary to use 
tests like Newman-Kuels Test. 


In order to understand the significance of these statistical tests, let us consider one 
example. A bioavailability trail is conducted using 4 x 4 Latin Square design for the 
assessment of bioequivalence of four formulations labeled as A, B, C and D. The AUCs 
of plasma versus time data are used to assess the bioequivalence. The data is presented 
in Table 11.6. It is desired to know whether the formulaitons A, B, C, and D are bioequivalent 
or not. If it is found that there is a significant difference in means of the treatments, it 
may be desired to find which pairs, among all possible pairs of means, are different. Analysis 
of variance table can be constructed as per the procedure described for repeated measures 
and the F ratio can be used to find out whether there is a siginificant difference between 
the means of treatments or not. Table 11.7 shows the procedure to be followed in constructing 
the ANOVA table for calculating the F ratio. The following equations may be used for 
calculating the sum of squares of various sources of variation. 


Table 11.6 AUC’s of formulations used in the bioavailability study. 


-— Formulation p {|_| 


Subjects 


C.F = (588.7)2/16 = 21660.48 
Total sum of squares (S.S) 
(42.02 + 35.62 + ...+ 33.87) - C.F 
21786.25 - 21660.48 = 125.77 
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Treatment sum of squares (Between formulations) (T.S.S) 
= (158.0? + 137.72 +... + 137.32)/4 - C.F 
= 21754.77 - 21660.48 = 94.29 
Between subjects sum of squares (S..S.S) 
= (152.52 + 149.12 +...+ 141.77)/4 -C.F 
= 21676.78 - 21660.48 = 16.23 


Within Subject sum of squares or Error sum of squares or a residual sum of squares 
(E.S.S) = S.S - $.S.S-T.S.S = 125.77 - 16.23 - 94.29 = 15.19 


Now, the ANOVA table can be constructed using the formulae given in the Table 11.7. 
From the ANOVA Table 11.8, it is evident that the calculated F value (18.60) is greater 
than the critical value of 3.86 (F,, at p >0.05). Therfore, it can be concluded that the 
means of the treatments differ significantly. Now, we are interested to find which pairs, 
among ail possible pairs of means, are different. For this purpose Newman-Keuls Test 
is quite useful. 


Table 11.7 Formulae used for the construction of ANOVA table for repeated measures 


Sources of variation | Sum of Squares| Degrees of Freedom 


SS 


Between Treatment 5. k-1 (4-1 = 3) sê 


Sum of Squares 


Between Subjects n-1 (4-1 = 3) 


Sum of Squares 
Within Subjects or 


Error Sum of Squares 


Between Treatment 
Sum of Squares 


Between Subjects 
Sum of Squares 
Within Subjects or 
Error Sum of Squares 
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in Newman-Keuls test, for k treatments (formulations) the number of pairs is k(k- 
1)/2. The k treatment means are first arranged in order of increasing magnitude. 


Accordingly, in this case, 34.33 (D), 34.43 (B), 38.93 (C), 39.50 (A) 


Consider the pair means of A versus D; for these a standrad error (SE) is computed 
using the respective samples sizes n, and n, and the value of Sp 2 (mean square of error 
or within subjects), see Table 11.8. 


Standard error (SE) 

= [(S,? /2)(1/n, + 1/0]? 

= [(1.69/2) (1/4+1/4)]"/2 

= 0.65 11.23 
Also needed is the value of the “studentized range” denoted by q: 


Q = Mean of Â -Monn of D 11.24 


39.50 - 34.33 
= ree 7.953 


And the value, w, equal to the number of means in the range of the pair being tested. 
(for the pair A,D, the value w = k = 4; for the pair A, B, the value w = k-1 = 3 etc.,). The 
calculated value of q from equation 11.24 is then compared with the critical value of qa yw 
from the ‘q’ table, using a desired confidence value a (usually 0.05 or 0.01), the “within 
sample” degrees of freedom, v, and the value of w previously defined. If the calculated 
q> qU „w then the pair of means differ significantly at the a level. For example, the calculated 
q for À, D pair is 7.953 which is larger than the table value of q = 5.91 at a = 0.05, for 
3 degrees of freedom (v) and w = 3. A similar test is made on each pair of the means. 


The order of comparison of means is “largest” against “smallest” (k vs 1), then “largest” 
against “second-smallest” (k vs 2), etc; then “second-largest” against “smallest” (k-1 vs 
1), and “second-largest” against “second-smallest” (k-1 vs 2). Table 11.9 shows the results 
of Newman-Keuls test on the above data. 


Conclusions: 
1. Formulations A & C and B&D are bioequivalent. 


2. Formulations A & C show a higher bioavailability and they differ significantly from 
B&D. 


Table 11.9 Results of Newman-Keuls Test on the Data Presented in table 11.5. 


[Comparison | Difference of Means | SE | w| a | poo] 
A versus D 39.50 - 34.33 = 5.18 
A versus B 39.50 - 34.43 = 5.08 
A versus C 39.50 - 38.93 = 0.58 
C versus D 38.93 - 34.33 = 4.60 
C versus B 38.93 - 34.43 = 4.50 
B versus D 34.43 - 34.34 = 0.10 


Degrees of freedom =9 
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Likely Questions 


1. 


moe a 


Define the following 

(a) Generic name 

(b) Brand name, 

(c) Pharmaceutical equivalents, 
(d) Therapeutic equivalent. 


How do you estimate the absolute bioavailability and relative bioavailability ? 
What are the two types bioavailability studies ? 
Give the table showing bioavailability protocol. 


What are the advantages and disadvantages of a parallel design over a cross-over 
design? 


What are the merits and demerits of a Latin-Square design? 

What are the salient features of a Balanced Incomplete Block Design (BIBD) ? 
Give a four-way cross-over design for four products A, B, C and D. 

Why a washout period has to be given in a bioavailability study ? 


. What are the difficulties encountered in using patients as subjects in bioavailability 


study ? 


. Write a note on the analysis of biological samples. 


What are the different methods available for the assessment of bioavailability ? 


. What are the important pharmacokinetic parameters calculated from the plasma data 


for the assessment of bioavailability ? What is their significance ? 


. How do you assess the bioavailability of a product using the cumulative amount of 


a drug excreted in urine in infinite time (X,~) data ? 


. Write about the pharmacodynamic methods used for the assessment of bioavailability. 
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Biostatistics 


Statistics is the science of collecting, summarizing, presenting and interpreting data, and 
of using them to test hypothesis. One scientist wants to study the effect of a drug on 
the blood pressure. The blood pressure of human beings shows intrinsic variation. Blood 
pressure not only differs from person to person, but it varies in the same person from 
day to day and from hour to hour. Statistical methods would be needed to assess whether 
an observed average blood pressure above that of the general population could simply 
be due to chance variations or whether it represents a real indication of the effect of drug. 


The objectives of statistics are two folds: 1. to organize and summarize data and 2. to 
reach decisions about a large body of data by examining only a small part of the data. 
The concepts and methods necessary for achieving the first objective are studies under 
the heading of descriptive statistics, and the second objective is reached through the study 
of what is called inferential statistics. 


Like all fields of learning, statistics has its own vocabulary. The following are some terms 
that are used frequently in statistics. 


Statistics is a field of study concerned with 1. the collection, organization, summarization, 
and analysis of data, and 2. drawing of inferences about a body of data when only a part 
of the data is observed. 


Biostatistics : When the data being analyzed are derived from the biological sciences and 
medicine, the term biostatistics is used to distinguish this particular application of statistical 
tools and concepts. 
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Population 


A population may consist of animals, machines, places or cells. Population means the 
total number of entities or units with a desired character at a particular time. For example, 
one scientist wishes to study the quality life of diabetic patients in a particular city, then 
all the diabetic patients of that city constitutes the population for his study. 


Sample 


A part of population collected scientifically from the population is called a sample. The 
sample from a population is supposed to possess ali the characters of population i.e., 
it is a true representative of a population. The scientist in the above example can select 
some diabetic patients randomly. The selected diabetic patients constitute the sample. 


In daily life also we observe the sample before we purchase rice, wheat grapes etc. 
When some characters of a population have to be determined, strictly speaking, all the 
units in the population are to be evaluated. This is not only impractical if not impossible 
in some cases, but also impossible in some cases. Therefore, samples are evaluated 
to find out the characters of the population that they represent. 


Data: the raw material of statistics is data. Data contains numbers obtained either by 
measurement or by counting. For example, the body weight of patients is measured while 
the number of patients admitted into a hospital per day is counted. The singular of data 
is datum. 


Sources of Data 


The performance of statistical activities is motivated by the need to answer a question. 
For example, what is the percent of occurrence of malaria in a particular area? To answer 
this question, we have to get data. Such data are usually available from one or more 
of the following sources. 


1. Routinely Kept Records: Hospital medical records contain immense amount of information 
of the patients admitted into the hospital. This type of records that are routinely maintained 
can be used as a source of data. 


2. Surveys: |f the data needed to answer a question are not available from routinely kept 
records, we may have to conduct a survey to get data. For example, research personnel 
visit the houses in that area and gather information about the people suffered from 
malaria. 


3. Experiments: The question raised may require an experimentation to get the data. For 
example, it is desired to know whether the patients like the newly developed syrup or 
the capsule of a drug. Then, an experiment has to be conducted by giving two formulations 
to the patients on different occasions and getting information about their preference. 


4. External Sources: The data needed to answer a question may already exist in the form 
of published reports, commerciaily available data banks, or the research literature. In 
other words, some one else has already asked the same question, and the answer 
they obtained may be applicable to our present situation. 
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Variables 


A characteristic take on different values in different persons, places, or things is called 
a variable. Some examples of variables include diastolic blood pressure, heart rate, the 
heights of adult males, and the number of patients visiting a government hospital. Variables 
may be divided as quantitative variables, qualitative variables, and random variables. 


1. Quantitative Variables: A quantitative variable is one that can be measured in the usual 
sense. Measurement of heights of adult males, weights of pre-school children, and 
ages of patients seen in a dental clinic. These are examples of quantitative variables. 
Measurements made on quantitative variables convey information regarding amount. 


2. Qualitative Variables: Some characters can not be measured but can be categorized. 
In such cases, measurement consists of categorizing the population, for example, based 
on sex, ethnic group etc. Measurements made on qualitative variables convey information 
regarding attribute. In the case of qualitative variables we can count the number of 
persons, places, or things belonging to various categories. 


3. Random Variables: Measurement of the height, weight or age of an individual result 
a value of the respective variable. When the values obtained arise as result of chance 
factors, so that they can not be exactly predicted in advance, the variable is called 
a random variable. For example, attained adult height is the result of numerous genetic 
and environmental factors. Values resulting from measurement procedures are often 
referred to as observed or measurements. Random variables are further studied under 
the heading of discrete random variables and continuous random variables. 


(a) Discrete Random Variables: Gaps or interruptions in the values that it can 
assume characterize discrete random variables. These gaps or interruptions 
indicate the absence of values between particular values that the variable can 
assume. For example, the number of patients admitted into a general 
hospital per day is a discrete random variable since the number of admissions 
each day must be represented by a whole number such as 0,1,2 or 3. The 
number of admissions on a given day can not be a number such as 1.6, 3.987, 
or 4.444. 

(b) Continuous Random Variables: A continuous random variable does not possess 
the gaps or interruptions characteristic of a discrete random variable. A 
continuous random variable can assume any value within a specified relevant 
interval of values assumed by the variable. Examples of continuous variables 
include the various measurements that can be made on individuals such as 
height, weight, and skull circumference. The instrument used decides the 
precision of the measurement. 


Descriptive Statistics 


The data may be summarized in to a single number called descriptive measure. Descriptive 
measures may be computed from data of a sample or the data of a population. To distinguish 
between them the following definitions are used. 

1. A descriptive measure computed from the data of a sample is called statistic. 

2. A descriptive measure computed from the data of a population is called parameter. 
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Several types of descriptive measures can be computed from a set of data but many 
of the time’s measures of central tendency and measures of dispersion are considered. 


Measures of Central Tendency 


In each of the measures of central tendency, there is a single value that is considered 
to be typical of the set of data as a whole. The three most commonly used measures 
of central tendency are the mean, the median, and the mode. 


Mean : Suppose from a population or universe a sample of ‘n’ observations is taken as 
usual in order to determine some characteristics of the population. A chemist chosen 
9 tablets from a batch and analyzed for their drug content. The following amounts were 
found in the tablets. 

4.1, 4.4, 4.0, 4.3, 4.2, 4.7,°4.9, 4.6, and 4.4 mg. The total number of tablets is 
9 (n). The sum of the 9 values is 39.6. If the sample of ‘n’ determinations can be designated 
by X,, Xo, Xz .....X,. The sample mean, X, can be determined by 


Te LiL: aiaz +X _ =Xi 12.1 
n 


Where, i goes from 1 to n. Therefore, the average or mean of the above data is, 
4.1+4.4+4.0+...4.4 39.6 
9 9 
The mean simply reflects the arithmetic average of the values. Extreme values in 
the data seriously affect the mean. 


Median: Median is the central value of the data when the data is arranged in ascending 
order. 


X= 4 mg 


4.0, 4.1, 4.2, 4.3, 4.4, 4.4, 4.6, 4.7, 4.9 


The median is the central value of the data. If the number of values in a sample, 
“n”, is an odd number, the median is given by, 
Median = (n+1)/2 = (9+1)/2 = 5 11.2 
When the number of values, n, is an even number, then there is no single value 
in the middle of the data. In this case, the median is the average of the two values in 
the middie, when the values have been arranged in ascending order. For example, if 
the number of values is 12, then the median of the data is (12+1)/2=6.5. It means, the 
average of the 6" and 7" value of the data that has been arranged in ascending order 
is the median of the data. 


Mode: The mode of a set of values is that value which occurs most frequently. If all the 
values are different there is no mode; on the other hand, a set of values may have more 
than one mode, if more values occur in similar frequency. In our example, the mode is 
4.4 which occurred more number of times than any other value. 


The mode may be used for describing qualitative data. For example, the number 
of patients suffering from a particular disease admitted into a hospital in a year may be 
more than any other disease. The disease occurring most frequently in the patients is 
called the modal disease. 
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Measures of Dispersion 


The dispersion of a set of observations refers to the variety that they exhibit. A measure 
of dispersion conveys information regarding the amount of variability present in a set of 
data. Other terms used synonymously with dispersion include variation, spread and scatter. 
Range, standard deviation, and variance are generally determined to measure the dispersion 
of a data. 


Range: The simplest measure of variation is range (R). It is the difference between the 
largest value (X,) and the smallest value (X,) in a series of observations. In our example, 
the range would be (X, — X, )= 4.9-4.0 = 0.9. The range is most valuable in small series 
of observations, usually for n less than 10. 


Standard Deviation: The standard deviation is the measure of variation most commonly 
used. When n=2, the range and standard deviation are equal. These two are quite closely 
related for sample sizes less than ten. For n greater than ten, the standard deviation 
gives a much better estimate of the variation than the range. 


The standard deviation of the population is usually designated by ‘o’, and the standard 
deviation of the sample by ‘s’. The standard deviation of a sample is calculated by getting 
the differences of each observation from the mean and putting them in the following formula. 


S = (X,-X)? +(X, -XY +(X, -XY +.....(K,-XPAn-l) 12.3 


In simplified form, 


s= Jax, -XY (n-1) 
or s = [E(X,)?-(£X,)?, n](n-1) 12.4 


The standard deviation of the example cited above can be calculated using above 
equations. For our example, n=9, the sum of the 9 observations (XX)) is 39.6. The sum 
of the squares of the observations 

E(X)? = (4.1)? + (4.3)? +...+ (4.4)? = 174.92. 


Putting these values in the formula: 


s= [174.92 - (39.6)°]/(9 -1) = „[174.92 -174.24]/8 = 0.29 


The n-1 in the denominator of the formula for the calculation of standard deviation 
is called the degrees of freedom. The standard deviation gives a measure of the variation 
of individual observations around the average. A comparable measure of variation of 
average of samples about their average is called the standard error of an average. It can 
be calculated from the standard deviation, s, and the number of observations, n. 
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Standard error of the average = 
S, = s/n 12.5 
For our example, S,= 0.20/V9 = 0.29/3 = 0.0966 


A short cut (and only approximate) method of estimating the standard error of the 
average is to divide the range by the number of observations. This method can be used 
only if ‘n’ is less than ten. 


Sz range/n 12.6 
S 0.9/9 = 0.1 


Coefficint of variation : The coefficient of variation expresses the standard deviation of 
a percentage of the sample mean. This is useful when interest is in the size of the 
variation relative to the size of the observation, and it has the advantage that the coefficient 
of variation is independent of the units of observation. For example, the value of the 
standard deviation of a set of weights will be different depending on whether they are 
measured in kilograms or pounds. The coefficient of variation, however, will be the same 
in the two units. 


x 


S 


Coefficient of variation, c. v. = x 100 


Where s is the standard deviation and X is the mean of the data. 


Variance: Variance is the square of the standard deviation and the variance of an average 
is the square of the standard error of the average. In our example, variance (s?) = (0.20)? 
= 0.0841 and variance of an average = (S,)? = (0.0966)? = 0.00093. 


Bias, Precision, and Accuracy 


The bias or systematic error : It is indicative of the tendency to measure something other 
than what was intended. For example, a 10ml pipette may not measure exactly if it has 
a manufacturing defect. Suppose, the 10m! pipette actually measures 10.5m! but 
labeled as 10m! by the manufacturer, then every time it measures 10.5ml than desired 
volume (10ml). 


Precision or Reproducibility : It denotes the agreement among repeated measurements. 
For example, you are determining the volume of acid required to neutralize 10m! base 
for five times. If your determinations are constant or nearly constant, then you are precise. 
The method is reproducible. One important point to be remembered is that the determinations 
may not be correct. 


Accuracy : Accuracy refers to the closeness of the measurements to the “true” values. 
For example, a tablet contains 100mg of a drug and the drug content was found to be 
100mg by an analytical method. The method is said to be an accurate method. In other 
words, accuracy shows how closely a method measure what it is supposed to measure. 
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The interrelations of bias, precision, and accuracy are clearly illustrated in Fig. 12.1. 


Precise Imprecise 


Biased 


Inaccurate 


Unbiased 


Accurate Inaccurate 


Fig. 12.1 Diagram illustrating bias, precision, and accuracy. The shots on targets (1) and (2) are 
biased; in both cases the shots cluster away from bull’s eye. The clusters on targets (3) and (4) 
are both unbiased; the center of each cluster is on bull’s eye. The shots on targets (1) and (3) 
are precise; both sets are bunched together. The shots on targets (2) and (4) are widely scat- 
tered, hence imprecise. Only the shots on target (3) are accurate, i.e., precise and unbiased. 


The Theory of Probability 


Probability refers to the possibility of occurrence of an event out of different events that 
can occur. Probability is calculated from the data that shows the occurrence of a particular 
characteristic and the total number of trials. 


Classical Probability: If an event can occur in N mutually exclusive and equally likely ways, 
and if “m” of these possess a characteristic, E, the probability of the occurrence of E is 
equal to m/N. 

Probability of E, P (E) = m/N 12.7 


For example, if a fair six-sided die is labeled as 1 to 6 and rolled, the probability 
that side 1 is up is 1/6 and is the same for other faces. The process of abstract reasoning 
calculates probabilities such as these. Similarly, the probability of a getting a tail when 
a coin is tossed is 1⁄2. 


Relative Frequency Probability: \f some process is repeated a large number of times n, 
and if some resulting event with the characteristic, E occurs ‘m’ times, the relative frequency 
of occurrence of E, m/n, will be approximately equal to the probability of E. 
P (E) = m/n 12.8 
m/n is only an estimate of P (E). 


In this case, we are not aware of possibilities of occurrence like in classic probability. 
The occurrence of a specific character out of the several events is used for the calculation 
of probability. For example, probability of rain in the third week of June in a city can be 
computed from the data of previous years. 
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Elementary Properties of Probability 


The three basic properties from which a whole system of probability theory is constructed 
through the use of mathematical logic are: 
1. Given some process (or experiment) with n mutually exclusive out comes (called events), 
E,, E,,....E,, the probability of any event, E, is assigned a non-negative number. That 
is , 
P(e) 20 12.9 
Two events are said to be mutually exclusive if they can not occur simultaneously. For 
example, if a coin is tossed, it will result either head or tail. The head and tail are 
mutually exclusive and can not occur simultaneously. 
2. The sum of the probabilities of all mutually exclusive out comes is equal to 1. 
P (E,) + P(E.) +.....+ P (E) =1 12.10 
This is the property of exhaustiveness and refers to the fact that the observer of a 
probabilistic process must allow for all possible events, and when all are taken together, 
their probability is 1. The requirement that the events be mutually exclusive is specifying 
that the events E,, E,,....E,, do not overlap. 
3. If E and Ẹ are two mutually exclusive events, the probability of the occurrence of either 
E; or Ẹ is equal to the sum of their individual probabilities. 
P (E or E) = P (E) + P (E) 12.11 
If the two events E, and E, are not mutually exclusive, then the overlapping of the 


events has to be found to estimate the probability of occurrence of either E; or E}. The 
system becomes much complicated. 


Calculation of the Probability of an Event 


Scientists were interested to find out the frequency of use of a habit-forming drug (cocaine) 
by the drug addicts in their lifetime. The following data were obtained (Table 12.1). 


Table 12.1 The data obtained in a study 
Lifetime Frequency of cocaine use | Male (M) | Female(F) | 
1-19 times (A) 
20-99 times (B) 


100+ times (C) 
Total 


Suppose, we pick a person at random from this sample, what is the probability this 
person to be a male ? 


Answer : We assume that male and female are mutually exclusive categories and that 
the likelihood of selecting any one person is equal to the likelihood of selecting any other 
person. The desired probability may be defined as the ration of the number of subjects 
with the characteristic of interest (male) to the total number`of subjects. 
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P (M) = number of males/total number of subjects 12.12 
P (M) = 75/111 = 0.6757 


Conditional Probability: On occasion, the set of “al! possible out comes” may constitute 
a subset of the total group. In other words, the size of the group of interest may be reduced 
by conditions not applicable to the total group. When the probabilities are calculated with 
a subset of the total group as the denominator, the result is a conditional probability. The 
probability obtained when no conditions were imposed to restrict the size of denominator 
is known as marginal probability. 


Question: Suppose we pick a subject at random from the 111 subjects and found that 
the subject is male (M). What is the probability that this male will be one who has used 
cocaine 100 times or more during his life-time (C)? 


Answer: With the selection of male, the females are eliminated and hence we have no 
interest in total number of subjects. Therefore, given that the selected subject is a male 
(M), what is the probability that the subject has used cocaine 100 times or more during 
his life-time (C )? This is a conditional probability and is written as P (C|M) in which the 
vertical line is read “given”. The number of males (75) becomes the denominator of this 
conditional probability, and 25, the number of males who have used cocaine 100 times 
or more during their life-time, becomes the numerator. Our desired probability, then, is 


P (CIM) = C/M = 25/75 = 0.33 12.13 


Joint Probability: Some times it may be required to find the probability that a subject 
picked at random from a group of subjects possess two characteristics at the same time. 
Such probability is referred to as a joint probability. 


Question: What is the probability that a person picked at random from the 111 subjects 
will be a male (M) and be a person who has used cocaine 100 times or more during his 
life-time (C)? 


Answer: The desired probability may be written in symbolic notation as P (MoC) in which 
the symbol ^ is read either as “intersection” or “and”. The statement MoC indicates the 
joint occurrence of conditions M and C. The number of subjects satisfying both of the 
desired conditions is found in the table at the intersection of the column labeled M and 
the row labeled C and is seen to be 25. Since, the selection will be made from the total 
set of subjects the denominator is 111. Thus, the joint probability is, 

P (MAC) = C/ total = 25/111 = 0.2252 12.14 
The Multiplication Rule : A probability may be computed from other probabilities. For 
example, a joint probability may be computed as the product of an appropriate marginal 
probability and an appropriate conditional probability. This is the multiplication rule of 
probability. 
Question : Compute the joint probability of male (M) and a life-time frequency of cocaine 
use of 100 times or more from a knowledge of an appropriate marginal probability and 
an appropriate conditional probability. 
Answer: The marginal probability of males, P (M) = 75/111 = 0.6757 and the conditional 
probability, P (CIM) = 25/75 = 0.333. 
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Therefore, the joint probability 
P (MnC) =P (M) x P (M) 12.15 
= (0.6757) (0.333) = 0.2252 


Therefore, multiplication rule can be expressed in general! terms for any two events 
A and B, 


P (AmB) = P (B) x P (AJB), if P (B)=+=)=0 12.16 
or P (AMB) = P (A) x P (BJA), if P (A) =)=0 12.17 
Other equations can be developed from the above equations. 

P (AjB) = [P (AnB)]/ P (B) if P (B) +) = 0 12.18 

P (BIA) = [P (AnB)}/ P (A) if P (A) #) = 0 12.19 


The Additional Rule: The third property of probability given previously states that the 
probability of the occurrence of either one or the other two mutually exclusive events is 
equal to the sum of their individual probabilities. When a person picked at random from 
the 111 represented in table, what is the probability that this person will be a male (M) 
or a female (F)? This probability is written in symbolic from as P (MUF) where the symbol 
“U” is read either as “union” or “or”. Since the two genders are mutually exclusive, 


P (MUF) = P (M) + P (F) 
= (75/111) + (25/111) 
= 0.6757 + 0.3243 = 1. 
What happens if two events are not mutually exclusive? This case is covered by 
what is known as the additional rule. Given two events A and B, the possibility that event 


A or event B, or Both occur is equal to the probability that A occurs, plus the probability 
that event B occurs, minus the probability that both the events occur simultaneously. 


The additional rule may be written as, 

P (AUB) = P (A) + P (B) — P (An B) 12.20 
Question: When a person is picked at random from the 111 subjects represented in table, 
what is the probability that this person will be a male (M) or will have used cocaine 100 
times or more during his life-time (C ) or both ? 
Answer: P (MUC) = P (M) + P (C )- P (MaC) 

P (MUC) = (75/111) + (34/111) — (25/111) 

= 0.6757+0.3063 — 0.2252 = 0.7568 

The Binomial Distribution 


This is applicable to data, where one of two mutually exclusive and independent out comes 
are possible as result of a single observation or experimental trail. Independent means 
the out come in one experimental unit does not influence the out come of another. For 
‘example, when a coin is tossed the result may be either tail or head. The out comes, 
tail and head, are mutually exclusive and independent. In a trail when the out come is 
head, it automatically excludes the possibility of getting the tail. The out come of the next 
trial is not influenced by the previous result. Another examples are survived or dead, 
yes or no, success or failure, etc. 
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in case of binomial distributions, the probability of “x” out comes of one kind (e.g., 


success), in “n” binomial trials is given by, 
n 
P(x)= ( ) px qh 
x 


Where, P (x) is the probability of exactly ‘x’ successes. 


n 
Where ( ) = (nx!) (n-x)! 12.22 
x 
Probability of failure 
q=1-p 12.23 
And ptq=1 12.24 


An antibiotic cures 80% of the patients. It means, the general probability of the 
curing rate of the antibiotic, p=0.8. What is the probability of exactly 3 successes (cures) 
in 6 patients ? 

6 
6.5.4.3.2.1 


= 397963 = eee is 
P (3)= ( ) 0.89 0.2 B2.N321 0.512 x 0.008 = 0.082 


3 


Therefore, the probability of exactly 3 cures in 6 patients with p=0.80 is approximately 
8 in 100. It means if 6 patients are treated in-groups for 100 times, the probability of 
observing 3 cures in 6 patients is 8 times. 


Interpretation of Experimental Results 


The results of an experiment have to be interpreted and the out come of the experiment 
has to be understood. The large amount of numerical data has to be analyzed with 
appropriate statistical tests to find out whether the experimentally determined out come 
is significant or not. There are three types of significance tests that are quite generally 
used: the t-test, chi-square (xê) test, and F-test or analysis of variance (ANOVA). The 
very purpose of these tests is to find out whether the observed out come of an experiment 
is attributable to the study conditions or the observed out come has occurred by chance. 
For example, a newly developed diuretic drug was administered to group of rats (drug 
treated group) as an aqueous solution and another group of rats (control group) was given 
distilled water. The urine volume of the rats in both the groups is recorded for 24 hours. 
There is difference in the urine volumes between the two groups. Now, the question is 
whether the observed difference is significant or not. In other words, the difference in 
urine volume observed between the two groups is a natural random difference or due 
to the drug effect is assessed with the help of these tests. 
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The t-test of Significance 


In general two types of t-test are used to find out the significance of difference observed 
between the results obtained with experimental conditions and control. They are 1) Two 
independent sample t-test and 2) Paired t-test. 

Two Independent Sample t-test 


If two samples are to be compared to see if they are drawn from the same population, 
i.e., whether they are samples of the same thing or whether they are significantly different, 
the t-test may be used as a means of comparison. The t-test is also applied to the example 
cited above. 


The formula used to calculate the ‘t’ value of the data is given by, 
t = (difference)/(standard error of difference) 12.25 


t= A ia eR 12.26 


| EX -ŒX /n] HEX -Xa /n] 
nı +Ny -2 


s? 12.27 


Where s? is called pooled variance. 


Practice Problem: Two samples of tablets were submitted for analysis in a chemical laboratory 
to find out whether they are different or same. The amount of drug present in each tablet 
was determined. The following data were obtained. 

Sample 1 : 10.1, 13.6, 12.5, and 11.4 mg 

Sample 2 : 9.8, 9.6, 10.1, 11.4, and 9,1 mg 


The data has to be processed to calculate the t-value (Table 12.2) 


Table 12.2 Processing of data to calculate the t-value 


Parameter | Sample 1 | Sample 2 


s* = [573.18 — (47.6)?/4 + 502.98 — (50)2/5]/(4+5-2) = 1.3886 
The square root of the pooled variance is, 
s = V1.3886 = 1.18 
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11.90-10.00  [(4)(5) 


t = LIR ie 1.61 (1.49) = 2.40 
The degrees of freedom (DF) for this case is given by, 
DF = (n,- 1) + (n,-1) 12.28 


= (4-1) + (5-1) = 7 

In order to interpret the results of the test it is necessary to find out the natural variance 
possible for the experimental conditions. A t-table (Table 12.3) is used to get the possible 
natural values under the experimental conditions. In the t-table columns represent the 
t-values against the DF values in the rows. There are two types of t-values called one- 
tail and two-tail. When the measured value from an experimental unit can take both directions 
from the control value, then the two-tail should be used. When the effect of the experimental 
conditions on the experimental unit is unknown then also the two-tails should be preferred. 
For example, a newly developed drug is tested for its diuretic activity, then it can increase 
or decrease the urine volume from the experimental animals. In this case, two-tail should 
be used. In another case, protein is added to a standard diet of the rats to find out the 
effect of amount of the protein on the weight gain. In this case, the protein will increase 
the weight of the animal or at the most doesn’t affect the weight of the animal. Therefore, 
the one-tail t-values should be used. Further, The t-values have to be looked under a 
particular probability value. For majority of the scientific studies the probability of 0.05 
is used. It means, the results of a study will occur 95 times out of 100 times. 


In our example, we have to look for the t-value at P=0.05 under the two-tail for 
DF of 7. The t-value from the table is 2.365. 


Conclusion: Since the calculated t-value (2.40) is greater than the tabled t-value (2.365), 
the means are significantly different at P=0.05. 


The Paired t-test 


Paired t-test is applied when two different treatments are given to a single group of 
experimental units. For example, in a bioavailability study the test formulation and reference 
formulation are given to the same subjects on different occasions. Another example is 
the comparison of a new analytical method with already existing method by analyzing the 
equal parts of a sample. 


In independent sample data the variability is due to intra-subject and inter-subject 
variation whereas in paired data only intra-subject variation exists. Therefore less variation 
is observed in paired data compared to independent sample data. The paired design 
can be used only when there is natural or easy way of pairing the experimental units. 
For example, there is no obvious way of pairing the dissolution of tablets in different 
dissolution media, because the unit is destroyed in the test. 
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Table 12.3 The t table 


Distribution of t Giving Both the Two-Sided or Two-Tailed Probability and the One-Sided or 
One-tailed Probability According to Degree of Freedom 


One Tail 
p 0.2 p0.1 p0.05 p 0.025 
Two Tails 
p 0.2 p 0.1 


p 0.01 


p0.05 p0.02 


1 1.376 3.078 6314 12.706 31.821 63.657 
1 2 0.289 0.617 1.061 1.886 2.920 4.303 6.695 9.925 
3 0.277 0.584 0.978 1.638 2.538 3.182 4.541 5.841 
4 0.271 0.569 0.941 1.533 2.132 2.776 3.747 4.604 
5 0.267 0.559 0.920 1.476 2.015 2.571 3.365 4.032 
6 0 265 0.553 0.906 1.140 1.943 2.447 3.143 3.707 
7 0.263 0.549 0.896 1.415 1.895 2.365 2.998 3.499 
8 0.262 0.546 0.889 1.397 1.860 2.306 2.896 3.355 
9 0.261 0.543 0.883 1.383 1.833 2.262 2.821 3.250 
10 0.260 0.542 0.879 1.372 1.812 2.228 2.764 3.169 
11 0.260 0.540 0876 1.363 1.796 2.201 2.718 3.106 
12 0.259 0.539 0873 1.356 1.782 2.179 2.681 3.055 
13 0.259 0.538 0870 1.350 1.771 2.160 2.650 3.012 
14 0.258 0.537 0868 1.345 1.764 2.145 2.624 2.977 
15 0.258 0.537 0.866 1.341 1.753 2.131 2.602 2.947 
16 0.258 0.535 0.865 1.337 1.746 2.120 2.583 2.921 
17 0.257 0.534 0863 1.333 1.740 2.110 2.567 2.898 
18 0.257 0.534 0862 1.330 1.734 2.101 2.552 2.878 
19 0.257 0.533 0.861 1.328 1.729 2.093 2.539 2.845 
20 0.257 0.533 0.860 1.325 1.725 2.086 2.528 2.845 
21 0.257 0.532 0859 1.323 1.721 2.080 2.518 2.831 
22 0.256 0.532 0.858 1.321 1.717 2.074 2.508 2.819 
23 0.256 0.532 0858 1.319 1.714 2.069 2.500 2.807 
24 0.256 0.531 0857 1318 4.711 2.064 2.492 2.797 


2.060 2.485 


2.056 2.479 
27 0.256 0.531 0.855 1.314 1.703 2.052 2.473 2.771 
28 0.256 0.531 0.855 1.313 1.701 2.048 2.467 2.763 
29 0.256 0.530 0.854 1.311 1.699 2.045 2.462 2.756 
2.042 2.457 


2.021 2.423 
60 0.254 0.527 0.848 1.296 1.671 2.000 2.390 2.660 
120 0.254 0.526 0.845 1.289 1.658 1.980 2.358 2.617 
1.960 2.326 
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Computation: 


The following equations are used to calculate the variance and the t-value of the paired 
data. 


Zd, -(Zd,?)/n 
25. SS ee 
S (n-1) 12.29 
t=(d/s) vn 12.30 
Where, s? is the variance of the data, ‘d; is the difference between two observations 
in an experimental unit, ‘gq’ is the mean of the differences between the two observations 
in an experimental unit and ‘n’ is the number of units in the experiment. 
Practice problem: The duration of loss of righting reflex, (When the animal is kept on its 
supine position, it tries to come to its normal position. This reflex is called righting reflex.), 
was measured in 16 mice following treatment with a barbiturate administered in the morning 
and the afternoon. It is desired to find out whether time of administration has influence 
on the duration of loss of righting reflex or not. 


Process the data as shown in Table 12.4. 
Table 12.4 Processing of the data for the estimation of t-value 


Mouse Number Loss of righting reflex (minutes) Difference, d=(X,-X,) 
| Morning | Afternoon 


OONOO A WD = 


Yd, = 40, Yd? = 354, J = 2.5 and n = 16. 


2e 354 - (40)? /16 
15 


s = 416.9333 = 4.11 


t=(d/s) Jn = (2.5/4.11) J16 = 2.43 


= 16.9333 
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The degrees of freedom (DF) = (n-1) = 16-1 = 15. The t-value under two-tail for 
DF=15 and P=0.05 is 2.131(see Table 12.3). 


Conclusion: Since the calculated t-value (2.43) is greater than the tabled t-value (2.131), 
the two treatments are different. It means the loss of righting reflex in the morning in mice 
is significantly more than that of afternoon. 


The Chi-Squared Tests of Significance 


The chi-square test can assume many different forms. In one form it test agreement between 
expected frequencies and frequencies observed. Chi-square (x2) is a probability distribution 
derived from the sum of squares of a chi-square statistic, and if the calculated value exceeds 
the tabled value (chi-square table), a significant difference is declared. 


(Observed frequency - expected frequency)” 


Chi-square (x2) = 12.31 


Expected frequency 


Practice problem: Suppose that a coin is tossed 50 times and 31 times heads and 19 
times tails were obtained, where as 25 heads and 25 tails are expected. Is the coin biased 
or weighted in some way? 


x2 = [(31-25)2/25] + [(19-25)2/25] = 2.88 
The degrees of freedom 
(DF) = (number of categories —1) 12.32 


In this example, DF = 2-1= 1. The x? value for DF = 1 at P = 0.05 is 3.84 
(Table 12.5). 
Table 12.5 The CHI-Square Table 
Probability 


1 
2 
3 
4 
5 
6 
7 
8 
9 
0 


U N = 
o oO 
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Conclusion: Since the calculated y? value (2.88) is less than the tabled value (3.84), the 
coin is not biased. 


The Chi-Squared Test for Contingency Tables 


When there are two qualitative variables, the data are arranged in a contingency table. 
The categories for one variable define the rows, and the categories for the other variable 
define the columns. For example, it is desired to find out whether a newly developed drug 
prevents death of animals suffering from a disease or not. Drug treated and control groups 
define the rows and the survived and dead define the columns. 


Practice Problem: A drug is tested for its efficacy to treat a dreadful disease in cows. In 
the drug treated group, 25 cows were survived out of 39 while 21 survived in control group 
out of 43. Whether the drug under test is having significant effect or not? 


The data has to be arranged as a contingency table as shown in Table 12.6. 


Table 12.6 Contingency table for x? test. 


[Treatment J Soa [Bed Toa 


Drug 


Control 
Total 


Calculate the x? value of the data using the following equation. 


(|AD-BC|-N/2)’N 


De NE ed ee 
X = (A+B)(C+D)(A+C)(B+D) 12:33 
a _ _ (125x22-14x21|-82/2)° 82 

X = (25 414) (214 22) (25+ 21) (14 + 22) 

x2 = 3790450/2777112 = 1.365 


The degree of freedom (DF) for R x C 
contingency table = (R-1) (C-1) 12.34 
Therefore for 2 x 2 contingency table, the DF =1. The y? value for DF = 1 at 
P = 0.05 is 3.84 (Table 12.5) 
Conclusion: The calculated y? value (1.365) is less than the tabled value (3.84), hence, 
the two groups are not different. It means, the drug under investigation is not significantly 
effective. 
Analysis of Variance (ANOVA) 
Analysis of variance (ANOVA) is a statistical test used in many of the bioavailability studies. 


it is useful to interpret the data from several groups and also to rank them. It is dealt 
in detail in chapter 11. The reader is advised to read this topic in chapter 11. 
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STATISTICS OF STRAIGHT LINE (LINEAR REGRESSION) 


Straight lines are found in many theoretical relationships in physical and biological chemistry. 
First order and zero order kinetics can be expressed in a linear form. Michaelis-Menton’s 
equation for enzyme kinetics and Arrhenius relationship used in stability studies can be 
transformed into linear forms. The reasons for the desirability of straight-line relationships 
include the ease of extrapolation and interpolation as well as simplification of the 
determination of the parameters of the line, the slope and the intercept. The straight line 
is defined by these parameters and these parameters often have biological and/or physical 
significance. 


One of the problems in estimating the slope and intercept from practical data is the 
variability and a plot does not clearly define a straight line. If the variability is large, it 
may be very difficult to decide how to draw the line (Fig.12.2). Lack of an exact fit will 
be considered due to variability (error) in ‘Y’ (the dependent variable). In most cases, 
which are encountered, the ‘X’ variable (independent variable) tends to have little error 
relative to the ‘Y’ variable. In pharmacokinetic study, the X variable (time) can be measured 
with great accuracy. The dependent variable (concentration), is variable due to biological 
system, analytical error etc. The practical data can be fit into a line, using the statistical 
equations given below. 


X 
Fig. 12.2 Scattered data showing positive correlation. 


__ _ X(K-X)(Y-Y) 
Slope = m = x 12.35 
=X; Y; -(ZX,ZY,)/n 
or Slope = m = EQ- 12.36 
intercept = c= Y ~m X 12.37 


- Using ‘m’ and ‘c’ values, Y values can be calculated with the equation Y =m X + c. 
The calculated Y values for different X values can be compared and deviation can be 
estimated. The line obtained with best fit is called Least Square Line. 
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In order to apply the statistical inference procedures to the data, certain assumptions 
are necessary. 


1. The X variable is measured without error. In practical situations, the error in X should 
be small compared to the error in the Y variable. 


2. The Y variable is distributed normally with a true mean equal to M x + C (M and 
C are true values of the slope and intercept) and with the same variance, at all values 
of X. 


Practice Problem: The reaction rate of a drug was measured at different temnerat rcs 
The following data were obtained. Using linear regression of the data, find out the parameters 
governing the straight-line relationship. 


Temperature, X (°C) 10 20 


According to the equations mentioned above, 


=X, Y, ~(EX,LY,)/n 
Slope = m = ai as y 


Intercept =c = Y -m X 
7267 - (100x 2.421)/4 
m = a = 0.02429 


c = 0.6052 — 0.02429 (25) = -0.002 
Fitting a Line without Intercept 


In some cases a straight-line relation exists between the dependent and the independent 
variables in such a way that the value of dependent variable is zero when the value of 
independent variable is zero. In such cases the intercept is zero. The slope of such line 
is given by, 
m = YX, Y/=X? 12.38 
And Y = m X is the straight-line equation for this case. 


Correlation Coefficient 


Correlation is a measure of the linear relationship between two variables. Correlation is 
used when both the variables are subject to error. The correlation coefficient (r) is calculated 
to know whether a linear relationship really exists between the two variables or not. Linear 
regression of the data forcibly fits the data into a straight-line equation even if the two 
variables are not related linearly. 


The measure of association is the correlation coefficient, r. If X and Y are variables, 
IX Y. - (2 X;LY; y 
oo oe 12.39 
I(X; -X} 2y,- Y/Y 
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The correlation coefficient can vary between +1 and —1. A correlation coefficient 
of +1 would result if all points fall exactly on a single line with positive slope; this is a perfect 
positive correlation (Fig.12.3). Similarly, if all points fall on a line with negative slope, 
r = -1, a perfect negative correlation is observed (Fig.12.4). If r = 0, the variables are 
not correlated (Fig.12.5). In real situations, these extreme results are seen rarely, but 
rather some intermediate value of ‘r’ is observed (Fig.12.6 & 12.7). The statistical question 
of interest usually is concerned with the significance of the correlation, i.e. a test of r versus 
0. In order to find out the significance of the correlation a null hypothesis is tested with 
the help of t-test. 


12.40 


Fig. 12.3 Perfect positive correlation. 


Fig. 12.5 Data showing no correlation. 
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Fig. 12.7 Imperfect negative correlation. 


Practice Problem: An experiment was performed to examine the relationship of tablet 
hardness to tablet dissolution. Dissolution was measured as the time (min) for 50% for 
the drug to dissolve in USP dissolution test apparatus. Hardness was measured in kg 
per square inch with the help of Monsanto Hardness Tester. The data are given below. 
Is there any correlation between the hardness and time required for the dissolution of 
50% of drug from the tablet? 


Time for 50% 17 21 
dissolution (min.) 
Hardness 5.3 7.2 7.5 
(kg/square inch) 
Calculate the correlation coefficient, r. 
_ 1585.5 -(233x 66.7)/10 - 


= 0.81 
(236.1) (6.321) 


Now, calculate the t-value in order to find out the significance of the correlation between 
the two variables. 


: 0.81/10 -2 zaai 
J1- (0.81) 


The DF = n-2 = 10-2 =8. The tabled t-vale for DF = 8 and P=0.05 is 2.228. Since 
the calculated value is greater than the table valued of t, the nul! hypothesis is rejected. 
A correlation exists between the dissolution time for 50% of drug release and hardness 
of the tablet. 
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Likely questions 


1 


a ee a 


18. 


19. 


Define the terms biostatistics, statistics and data. 

What is a population in statistical terms? 

Write about variables. 

What are descriptive statistics? Write about median. 

What are measures of dispersion? Write about standard deviation. 


With the help of a diagram, explain the interrelationship between bias, precision, 
and accuracy. 


What is the difference between classical probability and relative frequency probability? 
Write about the elementary properties of probability. 
What do you mean by conditional probability, marginal probability, and joint probability? 


. Write a note on multiplication and additional rules in probability. 

. Explain the concept of binomial distribution. 

. What is the significance of inferential statistics? 

. What is the difference between paired t-test and two independent sample t-test? 
. Write a note on the use of chi-square test in inference statistics. 

. Write a note on linear regression. 

. What is the significance of correlation coefficient? 

. The concentration of a biological marker was measured in 8 cancer patients and 


the following data were obtained. Calculate mean, median, mode, standard deviation, 
standard error of the average, variance and coefficient of variation. Concentration 
of the marker (ug/ml) 2.86, 2.75, 2.62, 3.37, 3.49, 2.76, 3.05 and 3.12. 

An examination was conducted to the students of a college to find out their intelligence 
quotient. The following data were obtained. 


| Marks | Boys (x) | Gins) | _ Tota | 
0-20 (A) 
21-40 (B) 
41-60 © 


61-80 (D) 
81-100 (E) 
Total 


Suppose we pick a student at random from this sample, (a) what is the probability 
this student to be girl? And (b) what is the probability that this girl will be one who 
got marks between 61-80. 


The success rate of a drug to treat a disease is 84%. What is the probability of 
exactly 7successes in 9 patients? 
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20. A drug was tested for its efficacy to prevent the death of chicken suffering from a 
disease. 20 chickens were survived in drug treated group out of 28 whereas 28 
survived in the control group out of 36: Whether the drug under test is having significant 

` effect are not? à 


21. A survey was carried out to find out the influencing of smoking on the weight of the 
baby at birth. The following data was obtained. Is really smoking has influence on 
the weight of the baby at birth? 


NS = non-smoker and S = Smoker 


Weight in kgs. 
NS | 3.99 | 3.79 | 3.60 |3.73 | 3.21 |3.60 |4.08 |3.61 | 3.83 |3.31 |4.13 |3.26 | 3.54 | 3.51 [2.71 
S 3.18 | 2.84 |2.90 | 3.27 | 3.85 |3.52 {3.23 |2.76 | 3.60 [3.75 |3.59 |3.63 | 2.38 | 2.34] --- 


22. In a study, subject weight (kg) and plasma volume (l) were measured. It is interested 
to know whether there exists a linear relation between these two parameters or not? 


saa | oJ a e a e e a 
| weignt | sso] 70.0 | 740 | e35] 62.0 | 705 | 71.0 | 650 | 
| Plasma volume | 2.75 | 286 | 337 | 278| 262 | 3.40 | 305 | 3.2 | 
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Estimation of Area Under the Curve 


There are several methods for estimating the area under a drug concentration-time curve. 
The most common method of estimating the area is the use of the trapezoidal rule. 
The plasma drug concentration versus time plot is made first on an ordinary Cartensian 
graph paper (Figs A.1 and A.2). It is divided into several trapezoids at the sampling time 
points. The areas of individual trapezoids are calculated and summed to get the area 
under the curve. 


Plasma drug concentration (ug/ml) 


05 10 2.0 30 40 5.0 
Time (hours) 


Fig. A.1 Drug concentration (ug/ml) versus time (hours) plot of data presented in Table A.1. 
Trapezoids are made by joining data points. 
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Plasma drug concentration (g/ml) 


40 5.0 80 12 
Time (hours) 
Fig. A.2 Drug concentration (ug/ml) as a function of time (hours) after an oral adminstration. The 


data points are connected by straight line segments, to apply trapezoidal rule. 
(data from Table A.2). 


The area bounded by the trapezoids approximates the area under the curve. The 
assumption is that the trapezoid side (curve) is straight and is valid when the number of 
data points is more and closer. 


The area of a trapezoid is equal to the product of one half of the sum of heights, 
and width. The area under the plasma drug levels versus time curve is approximated 
by the following equation 


Area = (1/2) (C, + C3) (ty - t4) + (1/2) (C, + C3) 
(ty - t) + (1/2) (Cy + Cy) (ty ~ ty) vane + (1/2) 
(Ch. t C,) (t, F tt) i 


Where C and t represent plasma drug concentration and time, respectively. The 
subscripts refer to the sample numbers. 


10 20 3.0 


Table A.1 Drug concentration as a function of time after I.V. injection (bolus) 


Sample ~ Time (hr) Concentration 
(ug/ml) 
0 ; 


0.5 
1.0 


2.0 
3.0 


4.0 
5.0 


Total 14.31 pg-hr/ml 


* Estimated by extrapolating the semi-logarithmic plot of the data 
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Table A.2 Drug Concentration as a Function of Time after oral Administration 


(ug/ml!) 


1 0 0.0 2.90 
2 1.0 5.8 6.45 
3 2 7.1 7.00 
4 3 6.9 6.55 
5 4 6.2 2.75 
6 6 48 2.08 
7 8 3.5 0.68 
8 12 19 - 


Total 28.41 ug-hr/mi. 


If the sampling time intervals are equal, then 


C, +C, 


At At 


AUC = + ees es 


+ Cuat Ca ) At 


At 
AUC = > (C, + 2C, + QC, ...... + 2C,, + Cp) 
A general form for the calculation AUC is given by the following equation 


i Cia +C, 
| AUG = BT te > ta) 
The application of the trapezoidal rule in the estimation of AUC is illustrated in 
Tables A.1 and A.2. 


Area under the curve of the first, second and fifth trapezoids of data shown in 
Table A.1 are calculated as follows 


Area (1) = (1/2) (10.0 + 7.07) (0.5 - 0) 


= 4.27 pg - hr/ml 
Area (2) = (1/2) (7.07 + 5.0) (1 - 0.5) 
_ = 3.02 pg - hr/ml 
Area (5) = (1/2) (1.25 + 0.625) (4.0 - 3.0) 
= 0.94 ug - hr/ml 
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Integration Method for the Estimation of AUC 


The AUC calculated using the trapezoidal rule is the area under the curve from t = 0 to 
the last sampling time. In order to calculate the AUC from t = 0 to t = œ, an integration 
of the equation C = Co.e“t with respect to time is carried. 


Į cat = f Co.e*tdt A1 
The term C. dt is nothing but AUC,* 
AUC, = | Co eXtat A2 
-K2 -K0 
e e 
= + — 
co j= — 


a 


E 0 
AUE s CO[=24 =| 
-K K 
Since e“ = 0 and e® = 1 


l 
AUC,* = C0 |O + =| 
AUC,“ = CO/K A.3 
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Where, CO is extrapolated concentration at time zero and K is the first order elimination 
rate constant. 


At times, the area under the plasma level time curve is extrapolated to t = «. In 
this case, the residual area AUC,“ is calculated as follows. 


AUC,* = C* /K A.4 


Where C* is the last observed plasma concentration at t and K = first order elimination 
rate constant. 


Equation A.4 is also used to estimate [AUC],* from oral data, provided that C* is 
on the terminal linear portion of the graph. 
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The Method of Residuals 


The method of residuals, also known as a feathering or peeling technique, is useful in 
the pharmacokinetic analysis of the data that can be described by a biexponential equation. 
For example, 1. the time course of the metabolite levels in plasma following an !.V bolus 
administration of a drug that follows one compartment open model, 2. unchanged drug 
levels in plasma versus time data following oral administration of a drug that follows a one 
component open model and 3. unchanged drug levels in plasma versus time data following 
an |.V. bolus of a drug that follows two-compartment model, etc. 


Let us apply the method of residuals to plasma concentration versus time data obtained 
following oral administration of a drug that follows one compartment open: model. 
The data presented in Table A3 is used to explain the method. 


Table A.3 Plasma concentrations and “Residuals” versus time 


Time (hr) Observed drug Extrapolated Residual Conc. 
conc. C (ug/ml C (ug/ml gimi 
2.2 9.2 


7.1 
5.6 
4.3 
Table A.3 Contd... 
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a 


‘The equation that describes plasma drug level versus time data is given by 


=- —KaFXO okt. a-Kat 

C Vd(Ka-K) (e eat) A.5 

Equation A5 is a biexponential equation. The concentration of the drug in plasma 

(C) is influenced by both the absorption process and elimination process. However, after 

some time t, the absorption of drug will be completed and elimination of the drug still 

continues. Further, in general the value of absorption rate constant, Ka is several times 

more than the elimination rate constant, K. As a result, after the post absorptive phase, 

the plasma drug level versus time data can be explained by a mono-exponential equation, 
given below. 


- _KaFX0 ox A6 
Vd (Ka -K) 
or log C = log ee Kt/2.303 A.7 
Vd (Ka-K) 


~. —> Extended line 


Slope = -K/2.303 


Log plasma drug concentration 


~. Slope = -Ka/2.303 


Time (hours) 


Fig. A.3 Plot of log of observed plasma drug concentration and ‘residuals’ versus time for an 
orally administered drug absorbed by a first-order process. 
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Hence, a plot of log plasma concentration of drug versus time is a curve initially 
and becomes a straight line after some time (Fig. A.3). The terminal linear portion can 
be described by the Equation A.7 and the slope of the line is equal to -K/2.303. The 
elimination half-life is equal to 0.693/K. This straight line can be extended to cut Y-axis 
to get a intercept = log [(KaFX0)/ Vd (Ka-K)]. The exptrapolated line (dashed line) and 
the terminal linear portion is governed by Equation A.6. 


Now, the method of residuals is applied by subtracting the actual plasma concentration 
of drug at a time point from plasma concentration of drug on extended line (dashed line) 
at the same point. 


Residual conc. = Drug conc. on extended line - Drug conc. on the curve. A.8 
Cr = _ KaFXO eKt _ _ KaFXO _ (e*t = e Kat) AY 
Vd (Ka -K) Vd(Ka-K) 
Therefore, Cr= eee e Kat A.10 
Vd (Ka -K) 
KaFX0 
or log Cr = log —_——_— - Kat/2.303 A.11 
g g Vd(Ka-K) 


Therefore, a plot of log Cr versus time gives a straight line with a slope = -Ka / 2.303 
and the intercept of log [KaFX0 / Vd (Ka-K)]. From the slope, the absorption rate constant, 
Ka, can be estimated. The absorption half-life is equal to 0.693 / Ka. In this method 
of calculation it is important to remember that the following assumptions are made: 


1. It is assumed that Ka is at least five times larger than K, if not neither constant can 
be determined accurately. 


2. It is assumed that the absorption and elimination processes both follow the first order; 
if not the residual line and, perhaps, the elimination line will not be straight. 


3. It is assumed that the absorption is complete; if not the estimate of Vd will be 
erroneously high. If the fraction of the dose absorbed, (F) is known, then Vd can 
be estimated. 
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CHAPTER 2 


Answers to 59 
The equations govering the degree of ionization of the drugs are given below: 
For weak acids 

pH = pKa + log _fionized] 
[unionized] 
and 
Percent of drug ionized 

1 OPH - pKa) 
= 12 1008 pKay x 100 
For weak bases 
[ionized] 


H = pKa + | 
P ii [unionized] 
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Percent of drug ionized 
19(PKa- PH) 
= poeem * 100 


Using the above equations, the table given below can be constructed. 


Stomach Intestine Blood 
% ionized % unionized %ionized % unionized % ionized % unionized 


Ibuprofen 3.83 96.17 96.17 3.87 99.9 0.1 
Diazepam| 83.36 16.64 0.788 99.212 0.001 99.999 


It can be concluded from the table that Ibuprofen is better absorbed from the stomach 
and diazepam from the small intestine, since the percent of unionized forms of the drugs 
are higher in the stomach and small intestine respectively. 


CHAPTER 3 


Answers to 35 


Construct the following table 


Morphine 
Percent bound 
Percent unbound 


displacement displacement in free drug 
Chloremphenicol 
Percent bound 53 
Phenytoin 
Percent bound 93 85 
Erythromycin 
Percent bound 75 67 
Percent unbound 25 33 +32 
TEN 
65 73 +12 
it can be concluded from the table that the displacement of phenytoin from its binding 
sites caused a 114% increase in the free drug level and hence it will lead to the precipitation 
of toxic effects of phynytoin. 


In case of erythromycin, a 32% increase may effect the bacteria and hence may 
be useful in the therapy provided that this will not affect the host. Other drugs may not 
show a recognizable change in their therapeutic effect. 
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Answers to 36 


The liver is an important organ for the synthesis of the plasma proteins. In chronic 
alcoholic liver diseases or cirrhosis, less plasma proteins are synthesized in the liver, resulting 
in a lower plasma protein concentration. Thus, for a given dose of naproxen, less 
drug is bound to the plasma proteins and the total plasma drug concentration in smaller. 
Any decreased plasma protein binding leads to an increase in free drug concentration 
of naproxen. 


Answers to 37 
Percent unbound drug outside plasma 
_ Vd-3 
Vd 
Therefore, the percent of the bound drug present outside plasma for drug A = 70, 
B = 92.5 and C = 99. 


x 100 


CHAPTER 4 


Answers to 34 
The equation for a weak acid for the estimation of saliva/plasma drug concentration ratio 
is the following. 


Cs 14+100FS-PK) fup 


—S S 
Cp 14+ 10PHP-PKa) fus 


Cs _1+10%%® 0.09 
Cp 1+10045® 1.0 
Saliva/plasma drug concentration ratio (Cs/Cp) = 0.012 


CHAPTER 6 


Answers to 31 
1. Slope = 0.125 
K = 0.125 x 2.303 = 0.288 hr! 
ty = 2.41 hrs. 
2. CO = intercept of semilogarthmic plot = 31.3 g/ml 
3. Vd = X0/CO = 325 mg/31.3 ug/ml = 10383.38 ml = 10.38 L 
4. AUC,* = CO/K = (31.3 pg/ml)/(0.288 hr‘) = 108.68 pug-hr/mi 
5. Total body clearance, CL, = Vd. K = 10.38 x 0.288 hr? = 2.99 L/hr 


www.webofpharma.com 


Appendix 391 


Answer to 32 
(a) Prepare a semilogarithmic plot of plasma concentration of the drug versus time. 
Estimate the half-life of the drug from the slope of the line. 
Slope = 0.01146 
K = (2.303) (0.01146) = 0.02567 hri 
Biological half-life = 0.693/K = 0.693/0.02567 = 28 hours 
(b) Estimate the total AUC of the drug. 
141.2 
0.02567 
(ii) AUC calculated using traperzoidal rule = 5700 mg-hr/L 
Clearance = 33 mi/L 
(c) Calculate the volume of distribution 


_ 184mg 
ig 141.2mg/L — ee 


(d) Clearance, CL, = Vd K = (1.3 L) (0.02467 hr‘) = 0.0335 L/hr = 33.5 mi/hr 


(i) AUC,* = CO/K = = 5500 mg-hr/L 


Answers to 33 
1. Slope = 0.4299 
K = 0.4299 x 2.303 = 0.99 hr 
t2 = 0.693/K = 0.693/.99 = 0.7 hours 
2. CO = 233.35 pg/L 
Vd = X0/CO = 33mg/233.35 pg/L = 141.4 liters 
volume of distribution per kg of body weight = 141.4/75 = 1.885 L 
3. AUC,* = CO/K = 235.7 ug-hr/L 
4. Clearance, Cl, = Vd K = 139.986 L/hr 


Answers to 34 


Construct the following table : u” = 984 mg 
uX) 


Time Cumulative AXulAt t (X 
amount (Xu) 
0 0 - - - - 
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Rate Excretion Method: Construct a graph of log (AXu/At) versus t’. Calculate 
the slope. 

Slope = 0.3009 

K = 0.3009 x 2.303 = 0.693 hr’ 


Biological half-life, 

ty. = 0.693/K = 0.693/0.693 = 1hour 
Intercept = log Ke X0 = 2.8337 
Therefore, Ke X0 = antilog 2.337 = 681.912 

Ke = 681.912/X0 = 681.912/1000 = 0.6819 hr 
Sigma-Minus Method: A plot of log (X,“ - X,t) versus time gives a straight 
line with a slope = 0.3009 and hence K = 0.693 hr' and t,,. = 1 hour and 
Ke = 0.681 hr’ 


Answers to 35 


(a) 


(b) 


(c) 


(d) 


16.7 hrs estimated from the slope of the semilogarithmic plot of data following 
I.V. administration (not shown). K = 0.0415 hr’. 


AUC, = 217 mg-hr/L ; AUC ra = 191 mg-hr/L. Estimated by the traperzoidal 
rule upto 48 hrs and using the equation C*/K. 

CL, = 2.3 L/hr; Vy = 55 L. 

CL, = Dose/AUC,,, = 500 mg/217 mg-hr/L = 2.3 L/hr 

Va = Cl,/K = (2.3 L/hr)/(0.0415 hr') = 55 L. 

F = 0.88. ‘Since, LV. dose = Oral dose, 


AUC a _ 191 


F= AUC y = z7 7 0.88 


Answers to 36 


(a) 


(b) 


Absorption rate limits griseofulvin elimination for 24 to 40 hrs. This time corresponds 
to the normal! transit time of food in the gut. Thereafter, unabsorbed drug is expelled 
from the gut, and the plasma concentration of griseofulvin then falls parallel to 
that following the I.V. dose. 

Griseofulvin is incompletely absorbed in this subject: A cursory examination of the 
data plotted on a regular graph paper indicates that based on the AUC corrected 
for the dose, griseofulvin is poorly bioavailable (F approximately 0.4). Griseofulvin, 
Sparingly soluble in water (10 mg/L), is difficult to dissolve. 


www.webofpharma.com 


Appendix 393 


Answers to 37 
(a) Bioavailability = 1.01 
The AUC is calculated using the trapezoidal rule 
_ [AUC/Dose];y _ [(75.8 mg -hr/L)/500mg] _ 


j [AUC/ Dose]; y ~ (136.3 mg - hr/L)/250mg] ~ 
0.5516 _ 1.01 
0.5452 i 


(b) A semilogarthmic plot shows that a decline in plasma concentration after I.M. 
administration is slower than that following I.V. administration, indicating that 
absorption from the I.M. site rate-limits the elimination of phenytoin from the body. 


Answers to 38 
Dose (I.V. bdus) = 6 mg/kg x 50 kg = 300 mg. 


L.V.dose 300 
CO  8.4pgmi 
1. Plot the data on semilog graph paper and find out the slope. 
Intercept = CO = 8.4 mg/m! Slope = 0.075 
K = 0.075 x 2.303 = 0.173 hri 
2. typ = 0.693/0.173 = 4 hours 
(b) CO=84 mg/ml; C = 2.5 mg/ml; K = 0.173 hr' 
log C = log CO - Kt/2.303 
0.173t 
2.303 


= 35.7 L 


log 2.5 = log 8.4 - 


t= 7 hrs 
The duration of action of the drug is 7 hours. 
Alternatively, the duration of action may be found from a graph of C versus t. 


(c) Time required for a 99% of the drug to be eliminated : 26.67 hours 
Initial concentration is 100% = 8.4 pg/ml 
Final concentration is (100% - 99%) = 1% of 8.4 ug/ml 


0.173 t 


log 0.084 = log 8.4 - 
j j 2303 


t = 26.67 hr. 


(d) if the dose is doubled, then CO will also be doubled. However, the elimination 
half-life or first-order rate constant will remain the same. Therefore, 


CO = 16.8 mg/ml, C = 2.5 mg/ml, K = 0.173 hr’ 
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0.703 xt 
2.303 


log 2.5 = log 16.8 - 


t = 11.03 hrs 
The duration of action of the drug is 11.03 hours. 
Notice that a doubling of the dose does not double the duration of activity. 


Answers to 39 


Dose = Xv = 300 mg 
Vy = 12% of body weight = (0.12) (80 kg) = 96 L = 9600 ml. 
At 4 hrs, 
C = 1.52 mg/100 ml 
Vd = X/C 
9600 ml = X/(1.52mg/100ml) 
Therefore, X = 145.92 mg. 
Amount of the drug in the body at 4 hrs = 145.92mg. 
log X = log X, - Kt/2.303 


K@ 


145.92 = : 
log 145.92 = log 300 - 5-5 


4 
K = 0.18 hr! 


eo _ 0.693 0.693 _ 
Biological half-life= K 018 3.85 hrs. 


K x 2.303. 


Answers to 40 


The equation that describes the time course of the drug concentration in the blood 
following an I.V. bolus injection for a drug that follows one compartment open model 
is the following: 
C = C0.e*t 
The given data fits into C = 78 e 9-46 
It means CO = 78 mg/ml and K = 0.46 hr! 
(a) ty. = 0.693/K = 0.693/0.46 = 1.5 hrs 
(b) V, = I.V.dose/CO ; 
I.V. dose = (4 mg/kg) (75 kg) = 300 mg 
Va = 300 000 ug/78 ug/ml = 3846 mi 
(c) 1. C= CO0.e*t at 4 hrs 
C = 78 e046) (4) = (78) (0.1588) = 12.4 mg/m. 
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2. log C = log CO — Kt/2.303 


7 (0.46) (4) _ 
log C = log 78 - Er ua 1.892 - 0.7986 
log C = 1.093 
C = antilog 1.093 = 12.4 ug/ml. 
(d) At 4 hrs. 


1. X= C.Vd = (12.4 mg/ml) (3846 ml) = 47690 mg = 47.69 mg 
2. X = X0 ekt = (300)(e(-49 x (4) = 47.64 mg. 

(e) Va = 3846 mi. 
Average weight = 75kg 


Percent body weight = (3. 864 L/75 kg) (100) = 5.1% 
The apparent V, approximates the plasma volume. 


(f) C= 2 mg/ml find t 
1.2 mg/ml = 78 mg/ml x e-46 xt 
2 
-0.46t = — = 
e 78 0.02564 


-0.46 t = In 0.02564 = -3.7 
-3.7 


-t= 0.46 = 8 hrs. 
t = 8 hrs 
7 0.46xt 
2. log 2 = log 78 - 7303 
-0.46t 
2303 = log 2 - log 78 
-0.1997 t = -1.59106 
+1.59106 
= 0.1997. = 7.967 = 8 hrs. 


Next dose will be administered 8 hrs. after the first dose. 


Answers to 41 
(a) CO =1.V.dose/V, = 400 mg/(0.15L/kg)(52 kg) = 51.28 mg/L 
(b) Att =6 hrs. 
1. log X = log XO - Kt/2.303 


(0.576) (6) 


log X = log 400 - 7303 


log X = 1.1 
X = antilog 1.1 = 12.58 mg 


www.webofpharma.com 


396 Biopharmaceutics and Pharmacokinetics 


2. X= X0 e*t = 400 mg x e°576x6 = 12.62 mg 
Drug in the body after 6 hrs = 12.62 mg. 
(c) CO = 51.28 mg/L or C = 1.8 mg/m! or 1.8 mg/L. 
log(1.8 mg/L) = log(51.28 mg/L) - (0.576)(t)/(2.303) 
-0.25 t = log(1.8) - log(51.28) = -1.455 
t = 1.455/0.25 = 5.82 hrs. 


Answers to 42 


For the first-order elimination kinetics, one-half of the initial quantity is lost in each 
t2 The following table may be developed. 


Time (hrs) | Number of t, Amount of Percent of Drug | Percent of Drug 
Drug in body (mg) in body lost 


Method 1 


From the Table the percent of the drug remaining in the body after each t,, is 
equal to 100% time (1/2)", where n is the number of half-lives. 


100 
Percent of drug remaining = a 
where n = number of t,,. 
nai 100 
Percent of drug eliminated = zn 
At 24 hrs, n = 6 since t, = 4 hrs 
100 


Percent drug lost = 100 - z = 100 - 1.56 = 98.43. 


Method 2 


The equation for a first-order elimination after an I.V. bolus injection is log X = 
log XO - Kt/2.303. 


(0.173) (24) 


log X = log 300 - 2303 


Where : 
X0 = Dose = 300 mg 
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X = amount of drug in the body at any time t. 


t = 24 hrs 
0.693 
arr a 0.173 

X = 4.72 mg 

Amount lost = X0 - X = 300 - 4.72 = 295.28 mg. 
Z 295.28 

Percent-_lost = 2 ATTE x 100 = 98.43. 

300mg 


Answers to 43 
log X = log X0 - Kt/2.303 


X0 = 600 mg 
K = 0.693/t,,. = 0.693/8 = 0.0866 hrt 
t = 24 hrs. 


(0.0866) (24) 


log X = log 600 - 2303 

log X = 1.875 

X = antilog 1.875 = 74.99 mg. 
600 - 74.99 


The percent lost in 24 hrs = $00 * 100 = 87.5. 


74.99 _ 74.99 


Plasma drug conc. at 24 hrs = Vd ~ (0.4 Likg)x 62 kg 


= 3.02 mg/L 


Answers to 44 
Set up the following Table 


|t (hrs) | Xu (mg) | A Xu/A t (mgh | T| 


0 0 
4 100 100/4 = 25 2 
8 26 26/4 = 6.5 


The elimination the half-life may be obtained graphically after plotting AXu/At versus 
t' (mid point of urine collection). The t, obtained graphically is approximately 2 hrs. 


AX 
log Fi = log Ke Xo - Kť/2.303 


-K _ log(6.5) - log(25) 
2.303 6-2 
K = (0.146)(2.303) = 0.337 hr’ 
ty = 0.693/K = 0.693/0.337 hr! = 2.06 hrs. 


Slope = = -0.146 
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CHAPTER 6 


Answers to 10 
(a) A, B, a and B 
A =67; B = 33; a = 14 and B = 3 
(b) The volume of the central compartment (V,). 
V, = 6.5 liters 


(c) The volume of the peripheral compartment. 
Vp = 3.95 liters 


(d) The apparent volume of distribution at steady-state (V455). 
Va = 10.45 liters 

(e) The volume of distribution by area (V,7"°?). 
Vere? = 13.7 liters 

(f) |The volume of distribution using b. 
VB = 13.715 liters 

(g) The microconstants K,, and K,,. 
K,. = 4.035 hrt; K,, = 6.63 hri 

(h) Elimination rate constant (K,,). 
K,, = 6.33 hr! 

(I) The biological half-life (t,/.). 
ty = 0.231 hrs 


(j) | The total body clearance (C\,). 
Cl, = 682.6 ml/min. 


CHAPTER 8 


Answers to 6 
Vy = 20% of the body weight = (0.20) (50-kg) = 10L or 10,000 mi 
K = 0.693/t,,. = 0.693/2 = 0.3465 hr’, t = 8 hours 
I.V. Dose = (1 mg/kg) (50-kg) = 50 mg 
R = ekt = @-(0.3465) (8) = 0.0625 
c? = |.V.dose/V, = 50 mg/10L = 5 mg/L or 5 ug/ml 
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Cmax = C4°/(1-R) = 5/(1 - 0.0625) = 5.33 ug/ml 
Coin = Cmax R = (5.33 ) (0.0625) = 0.33 pg/ml 
Cave = |.V.Dose/V, K t = 50/(10)(0.3465)(8) = 1.8 ug/ml 
Answers to 7 
V4 = (0.20)(82-kg) = 16.4 L 
K = 0.693/t,. = 0.693/3 = 0.231 hr! and t = 8 hours and R=e** = e(0.231)(8) = 
0.15755 
(a) 1.V.dose = C,°V,; C4? = Chax (1 - R). According to the problem, the maximum 
safe level is 10 pg/ml. Therefore, Cmax = 10 pg/ml 
I.V. dose (X0) = 16.4 x 10 (1 - e*t) = 16.4 x 10 (1 - 0.15755) = 138.16 mg to 
be given every 8 hours. 


(b) Corin = Cmax R = (10) (0.15755) = 1.58 ug/ml. 


Cave = XO/Vy K t = 138.16mg/ (16.4)(0.231)(8) = 4.56 pg/ml. 


(c) In the above dosage regimen, the C,,,, of 1.58 pg/ml is below the desired Chin 
of 2 ug/ml. Therefore, the dosage regimen has to be changed from t = 8 hours 
to t = 6 hours. 


Then, the |.V.dose = (16.4)(10) (1-e(-23") ©) = 123 mg to be given every 6 hours. 
Now, Crain = Cmax R = (10) (0.25) = 2.5 pg/ml. 
Cave = 123/(16.4)(0.231)(6) = 5.41 pg/ml. 

Answers to 8 


Maintenance dose = X* (1-e**) 
Loading dose, X* = Maintenance dose/(1 - et) = 200/(1 - e--(25))) = 401.26 mg. 


CHAPTER 9 


Answers to 9 


According to equation 9.20, 
t = 1 nax (Do - Di + Km In D/D) 


max 


Dy = 400 mg ; D, = 50% of 400 = 200 mg; Vmax = 50 mg/hr; Km = 100 mg 
t = 1/50 ( 400 - 200 + 100 In 400/200) = 5.39 hours 
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Similarly, for a dose of 320 mg, 


t = 1/50 (320 -160 + 100 In 320/160) = 4.59 hours. 


For a capacity-limted elimination, the t,,. is dose-dependent because the drug 


elimination process is partially saturated. Therefore, small changes in the dose will produce 
large differences in the time for 50% of drug elimination. The parameters Km and Vmax 
determine the dose required to saturate the system. 


Answers to 10 


According to Equation 9.17, 


m= — D-DD _ 
(D,/C,) - (D2/C2) 
7 300 - 150 
~ (150/86) - (300/25.1) 
Km = 27.3 mg/L 
Vax C 
Km+C 
Vmax = WKm+C)/C = 150(27.3+8.6)/8.6 = 626 mg/day 


CHAPTER 10 


Answers to 11 


T: 


Capsule : The overall elimination rate constant, K= 0.347 hr'(calculated from 
terminal linear portion of the graph of log C versus time). 


AUC,* = AUC," + AUC,,* = 89.68 + 1.816 = 91.496 (ug/ml)hr 
AUMC,* = AUMC,'? + AUMC,,* = 382.695 + 27.71 = 409.71 (ug/ml)hr? 
MRT papguie = 409.71/91.496 = 4.478 hours 

MAT = MRT capcuie - MRT y, but MRT), = 1/K = 1/0.347 = 2.882 hours 
MAT = 4.478 - 2.882 = 1.596 hours. 


Solution : 


K = 0.455 hr! ( Obtained from the terminal linear portion of the graph of log C 
versus time). 


AUC,* = AUC,'2 + AUC,,* = 87.665 + 0.835 = 88.5 (ug/mi)hr 
AUMC,* = AUMC,'2 + AUMC,,* = 220.64 + 11.86 = 232.50 (ug/mi)hr? 


MRT. olution = 232-50/88.5 = 2.63 hours 
MAT = MRT ution - MRT y, but MRT), = 1/K = 1/0.455 = 2.20 hours 
MAT solution = 2-63 - 2.2 = 0.43 hours. 

Now, MDT capsule = MRT capsuie © MRT sotution = 4.478 -2.63 =1.848 hours. 
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CHAPTER 12 


Answers to 17 


1. | Mean: Number of observations, n is 8. The mean = ÈX? /n 
= (2.86+2.75+.....+3.12)/8 = 3.001 ug/ml 


2. Median: Rearranging the measurements in increasing order gives: 
2.62, 2.75, 2.76, 2.86, 3.05, 3.12, 3.37, 3.49 


Median = (n+1)/2 = (8+1)/ = 4.5. It mean the average of the 4" and 5" values. 
Median = (2.86+3,05)/2 = 2.961 


3. Mode: There is no mode to this data because no value is having highest frequency. 
4. Standard deviation: 
s = V [X(X)*(2X /nj(n-1) 
= V[72.798 — (24.02)?/8}/8-1 = V09685 = 0.3112 


5. Standard error of the average = s/./n = 0.3112/,/8 = 0.11 


6. Variance = s? = (0.3112)? = 0.09685 
7. Coefficient of variation, c.v. = (s/X)100 = (0.3112/3.001)100 = 10.36 


Answers to 18 


(a) The probability of the student picked from the sample to be a girl = (number of 
girls)/(total number of students) = 22/48 = 0.4583 


(b) This is the conditional probability,.P (DJY) = 3/22 =0.136 


Answers to 19 


9 
The probability of 7 successes out of 9, P (7) =( ) 0.847 0.16% 
3 
9! A R 
= 79-7) 0-54 0.16 
362880 


P(7) = (0.295) (0.0256) = 0.2718 


10080 
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Answers to 20 


Arrange the data as a contingency table. 


20 (A) ( 
8 


2 
i ( AD-BC|-N/2)“N 


x = (4+B)(C+D)(A+C)(B+D) 


„ _ _§20x8 - 8x28 | -64/2) 64 
X ™ (20 +8)(28 + 8)(20 + 28)(8 +8) 
The degrees of freedom (DF) = 1. The x? value for DF=1 at P=0.05 is 3.84. Since the 


calculated x? value (0.7619) is less than the tabled value, the drug is not having significant 
effect in treating the disease. 


= 0.7619 


Answers to 21 


` Weight in kgs. 


3.99 |3.79 |3.60 13.73 | 3.21 |3.60 |4.08 |3.61 |3.83 |3.31 |4.13 3.54 | 3.51 |2.71 
3.18 |2.84 |2.90 |3.27 | 3.85 |3.52 {3.23 |2.76 | 3.60 |3.75 |3.59 2.38 | 2.34 | --- 


The following values have to be calculated to estimate the t-value. This example 
comes under the category of two independent sample t-test. 


X, -X nın 
aa 2 | in2 a 
s nj +n, 


n +n, -2 


[195.6 —(53.8995)2/.]+ [146.77 — (44.8406)2/,] 


aa = 0.1878 27 


s? = 


s = J 0.1878 = 0.4335 


3.5933 —3.2029 {15x14 
0.4335 15+14 
DF= 15 + 14-2 = 27. The t-value for DF = 27 at P = 0.05 (two-tail) is 2.052. Since 


the calculated t-value is greater than the table value, it is concluded that smoking influences 
the weight of the child at birth. 


t = 


= 2.42 
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Answers to 22 


. rs fo a 


Plasma volume 


The following equations are used to calculate the correlation coefficient. 
EX, Y; - (EX, ZY,)/n 


~ J5(x,- x} x(¥,-¥F 


n=8 

2X =535 X=66.875 IX? = 35983.5 2(X;-X) = 205.38 
LY, = 24.05 Y=3.0025 ZY? = 72.7980 Z(Y-ľ)} = 0.6780 
(ZX, ZY) = 1615.295 


1615.295 - (535 x 24.02/8) 


= (205.38)(0.678) = aoe 
8-2 

t = 0.759 z = 2.855 
(0.759) 


The DF = n-2 = 6. The tabled t-value for DF = 6 at P = 0.05 (two-tail) is 2.447. Since 
the calculated t-value (2.855) is greater than the table value (2.447), there exists a linear 
relation between the body weight of the subject and plasma volume. 
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